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Abstract

Abstract
This study was motivated by a desire to understand more about the performance of Ti2Ni
hydrogen storage alloy as the negative electrode for rechargeable nickel-metal hydride
batteries.

A starting point for the study was a survey of the literature pertaining to the
characteristics and applications of hydrogen storage alloys. A review of the application
of hydrogen storage alloys in nickel-metal hydride batteries is also presented.

Based on the literature review, studies aimed at understanding the hydrogen storage
performance of Ti2Ni alloy electrode have been carried out.

Room temperature microencapsulation technique has been applied to the surface
modification of the Ti2Ni alloy powder. The electrodes fabricated from the Ti2Ni alloy
powder microencapsulated at room temperature exhibit a superior performance to that of
the Ti2Ni alloy powders that are either uncoated or coated at higher temperature in
respect of specific capacity and especially the cycle life of the electrode.

The formation of Ti2NiHo

5

hydride phase has been found responsible for the capacity

decay of the alloy during early cycles. Once formed, the compound cannot be reversibly
charged and discharged. Therefore, it provides no contribution to the discharge capacity
of Ti2Ni electrodes.

Elemental substitutions of the alloy have also been carried out. Cobalt and aluminium
have been characterised as having some beneficial effects to aspects of the performance
of Ti2Ni hydrogen storage alloy electrodes. Cobalt addition is beneficial to the specific

ix

Abstract

capacity and the cycle life of the Ti 2 Ni electrode. Aluminum addition into Ti?Ni alloy is
beneficial to the cycle life but is detrimental to the specific capacity of the electrode
because of the passivation of the electrode owing to the existence of a new Ti2Al phase

The electrochemical impedance spectroscopy measurements provide us with some
preliminary understanding of the discharge process of the Ti2Ni electrode. Discharge
temperature and the discharge state of the electrode have been shown to influence the
discharge kinetics of the electrode.

Charging and discharging of the Ti2Ni hydrogen storage alloy electrode in heavy water

electrolyte exhibit sluggish kinetic processes which give rise to extreme difficulty in in
situ neutron diffraction analysis. Electrochemical ac impedance analysis shows that the
reaction resistance of the electrode charged/discharged in D20 solution is much greater
than in H20 solution. This reveals the reason for the difficulty encountered in our

neutron diffraction studies and provides a useful indication for further work with neutron
diffraction measurements, especially the in-situ measurements during the
charge/discharge process of the hydrogen storage alloy electrode.

In summary, this study has characterised the surface modification and elemental
substitution effects on the performance of the Ti2Ni hydrogen storage alloy electrode,
and has also presented analysis of the electrode early capacity decay as well as
preliminary understanding of the discharge kinetics of the electrode.

x

List of Figures

List of Figures

Figure 2-1

Periodic table showing occurrence of binary hydrides. The underlined
compounds cannot be prepared by a direct reaction.

Figure 2-2 Electronegativities of the transition metals, the rare earths (RE) and the
actinides ( A N ) related to that of hydrogen
Figure 2-3 Pressure-composition isotherm showing the relationship between the
equilibrium hydrogen pressure and the hydrogen concentration.
Figure 2-4 Atomic cells in an intermetallic compound of two metals A and B with
and without hydrogen present. The atomic cells of hydrogen are indicated
by broken lines. U p o n hydrogen absorption the lattice parameter has to
be increased, which is not taken into account in this figure
Figure 2-5 The AB5 structure shown in both the hexagonal (right) and the
orthorhombic (left) lattices. Also shown are tetrahedral (O) and
octahedral (•) sites and their possible degeneracies (A)
Figure 2-6 Titanium-Nickel phase diagram
Figure 2-7 Schematic diagram showing crystallographic subcells in Ti2Ni (a) and
(Ti2Ni)20 (b)
Figure 2-8 Pressure-composition isotherm of Ti2Ni-H system at 150 °C and pressure
to 1 atm
Figure 2-9 Diffraction pattern of Ti2Ni-H phases
Figure 2-10 Temperature-composition curves for the Ti2Ni-H system at 700 Tonhydrogen pressure: solid line, heating (1 °C min 1 ); broken line, slow
cooling (1 °C min"1)
Figure 2-11 A tentative partial phase diagram of the Ti2Ni-hydrogen system proposed
by Mintz based on his o w n work and the data reported by Buchner
Figure 2-12 Hydrogen positions in the 8a and 8b interstitial sites corresponding to
Ti2NiHo.5 phase
Figure 2-13 Storage and recovery of hydrogen with metal hydrides. In the storage
phase H 2 is absorbed while heat is released to a heat sink. During
recovery heat is consumed from a heat source as H 2 flows out to the end
user. In some applications the heat source and sink are simply ambient
air.
Figure 2-14 Schematic diagram of a nickel-metal hydride battery. The positive nickel
oxide electrode is similar to that in a Ni-Cd battery. Corrosion-resistant

xi

List of Figures

metal hydride bound within a conductive matrix form the negative
electrode.
Figure 2-15 Theoretical capacity curve of TiNix hydrogen storage system (Curve C)

Figure 3-1

A brief illustration of experimental procedures

Figure 3-2 Schematic of the vacuum arc melting system
Figure 3-3 Schematic of the charge/discharge system
Figure 3-4 Schematic of surface microencapsulation process of alloy powder
Figure 3-5 Schematic of the medium resolution powder diffractometer (MRPD)

Figure 4-1 X-ray diffraction of Ti2Ni alloy before charge/discharge cycling
Figure 4-2 Performance of Ti2Ni electrodes with different treatment discharged at a
current density of 20 mAg' 1 in 6 M K O H solution
Figure 4-3 X-ray diffraction pattern of the Ti2Ni alloy after charge/discharge cycles
Figure 4-4 Electron micrographs of Ti2Ni alloy powders: (a) without coating before
charge/discharge cycling; (b) without coating after three cycles
Figure 4-5 Electron micrographs of Ti2Ni alloy powders: (a) coated at 80 °C before
charge/discharge cycling; (b) coated at 80 °C after 6 cycles
Figure 4-6 Electron micrographs of Ti2Ni alloy powders, (a) coated at 25 °C before
charge/discharge cycling; (b) coated at 25 °C after 6 cycles

Figure 5-1 Schematic of experimental procedures
Figure 5-2 X-ray diffraction pattern for Ti2Ni electrodes before charge/discharge
cycling
Figure 5-3 X-ray diffraction pattern for Ti2Ni electrodes after the first charge
Figure 5-4 X-ray diffraction pattern for Ti2Ni electrodes after the first discharge
Figure 5-5 X-ray diffraction pattern for Ti2Ni electrodes after the second charge
Figure 5-6 X-ray diffraction pattern for Ti2Ni electrodes after the second discharge
Figure 5-7 Schematic of capacity decay in Ti2Ni hydrogen storage alloy electrodes

xii

List of Figures

Figure 6-1

Energy dispersive spectrum of nominal Ti2Nio.98Coo.o2 alloy

Figure 6-2 X-ray diffraction pattern of Ti2Nio.98Co0.o2 electrode before cycling
Figure 6-3 X-ray diffraction pattern of Ti2Ni electrode before cycling
Figure 6-4 Galvanostatic discharge curves for Ti2Ni electrode at a current density of
20 m A / g in 6 M K O H aqueous solution
Figure 6-5 Galvanostatic discharge curves for a Ti2Ni0.98Coo.o2 electrode at a current
density of 20 m A / g in 6 M K O H aqueous solution
Figure 6-6 Galvanostatic discharge curves for a Ti2Nio.95Coo.05 electrode at a current
density of 20 m A / g in 6 M K O H aqueous solution
Figure 6-7 Galvanostatic discharge curves for a Ti2Nio.8oCo0.2o electrode at a current
density of 20 m A / g in 6 M K O H aqueous solution
Figure 6-8 Galvanostatic discharge curves for a Ti2Nio.6oCoo.4o electrode at a current
density of 20 m A / g in 6 M K O H aqueous solution
Figure 6-9 Comparison of capacity decay curves for electrodes with different cobalt
contents
Figure 6-10 Variation of specific capacity of electrodes with different cobalt contents
during thefirstthree cycles
Figure 6-11 Electron micrograph of Ti2Ni alloy powder after two cycles
Figure 6-12 Electron micrograph of Ti2Ni0.98Co0.o2 alloy powder after eight cycles
Figure 6-13 Energy dispersive spectrum of nominal Ti2Ni0.97Alo.o3 alloy
Figure 6-14 Galvanostatic discharge curves for a Ti2Ni0.97Al0.o3 electrode at a current
density of 20 m A / g in 6 M K O H aqueous solution
Figure 6-15 Variation of specific capacity vs. the amounts of aluminium additions
Figure 6-16 Capacity decay of the electrodes with different amounts of aluminium
additions vs. number of cycles
Figure 6-17 Average capacity decay rate of the electrodes with different amounts of
aluminium additions
Figure 6-18 "Steady-state" potentiostatic polarisation curves of the electrodes with
different amounts of aluminium additions in 6 M K O H aqueous solution (
H g / H g O reference electrode)
Figure 6-19 (a) XRD analysis of nominal Ti2Ni alloy; (b) XRD analysis of nominal
Ti2Nio.97Alo.03 alloy; (c) X R D analysis of nominal Ti2Al alloy

xiii

3 0009 03201055 0

List of Figures

Figure 6-20

"steady-state" potentiostatic polarisation curve of Ti2Al alloy electrode in
6 M K O H aqueous solution (Hg/HgO reference electrode)

Figure 6-21 AES analysis of depth distribution of passive layer compositions

Figure 7-1

Schematic of test system

Figure 7-2 Impedance spectrum obtained at 20 °C during discharge with an electrode
potential of-0.97 V
Figure 7-3 Impedance spectrum obtained at 5 °C during discharge process with an
electrode potential of 0.97 V
Figure 7-4 Equivalent circuits corresponding to electrode discharged at. (a) 20 °C
(corresponding to Figure 7-2), and (b) 5 °C (corresponding to Figure 7-3)

Figure 7-5 Impedance spectra obtained at different discharge states: (a) initial state
0.97 V ) , (b) medium state (- 0.84 V ) , and (c)finalstate (- 0.79 V )
Figure 7-6 Equivalent circuits that correspond to electrode discharged at (a) initial
state (corresponding to Fig. 7-5(a)); (b) medium state (corresponding to
Fig. 7-5 (b)), and (c)finalstate (corresponding to Fig. (c))

Figure 8-1

Neutron diffraction pattern of the Ti2Ni electrode before cycling

Figure 8-2 XRD diffraction pattern of the Ti2Ni electrode charged in 6M KOH +
H 2 0 solution for 17 hours
Figure 8-3 Neutron diffraction pattern of the Ti2Ni electrode charged in 6M KOH +
D 2 0 solution for 72 hours
Figure 8-4 XRD diffraction pattern of the Ti2Ni electrode discharged in 6M KOH +
H 2 0 solution for 8 hours
Figure 8-5 Neutron diffraction pattern of the Ti2Ni electrode discharged in 6M KOH
+ D 2 0 solution for 240 hours
Figure 8-6 Nyquist plots of the electrode charged in a—6M KOH + H20; b—6M
K O H + D20

Figure 8-7 Bode plots of the electrode charged in: a—6M KOH + H20; b—
K O H + D20

Figure 8-8 Nyquist plots of the electrode discharged in: a—6M KOH + H
KOH + D20

xiv

List of Tables

List of Tables

Table 2-1

Characteristics of A B 5 hydrides

Table 2-2 The crystal structure data of TiNi3, TiNi and Ti2Ni phases

Table 3-1

Descriptions of materials by Aldrich Chemical Co. Pty Ltd.

Table 3-2 Descriptions of chemicals supplied by Sigma Chemical Company

Table 4-1

Bath composition and deposition conditions for the study of p H influence
on the deposition rate

Table 4-2 Influence of pH value on the deposition rate at 25 °C
Table 4-3 Bath composition and deposition conditions for the study of the influence
of sodium hypophosphite concentration on the deposition rate
Table 4-4 Effect of sodium hypophosphite concentration on the deposition rate
Table 4-5 Composition of bath solution and deposition conditions for
microencapsulation of hydrogen storage alloy powder

Table 5-1

X-ray diffraction data for Ti2Ni electrodes before cycling (corresponding
to Figure 5-2)

Table 5-2 X-ray diffraction data for Ti2Ni electrodes after the first charge
(corresponding to Figure 5-3)
Table 5-3 X-ray diffraction data for Ti2Ni electrodes after the first discharge
(corresponding to Figure 5-4)
Table 5-4 X-ray diffraction data for Ti2Ni electrodes after the second charge
(corresponding to Figure 5-5)
Table 5-5 X-ray diffraction data for Ti2Ni electrodes after the second discharge
(corresponding to Figure 5-6)

Table 6-1

Percentage of capacity retention by electrodes with different cobalt
contents at different cycles

x*

List of symbols

List of Symbols

RE

rare earth

AN

actinides

F

degrees of freedom

C number of components

P number of phases

R gas constant

K equilibrium constant

T absolute temperature

aMHx activity of metal hydride

aM activity of metal

x reaction rate time constant (relaxation time)

w(t) weight of absorbed hydrogen at time t

wa weight of absorbed hydrogen in the a phase

wp weight of absorbed hydrogen in the P phase

F(t) the fraction of reaction completed at time t
xvi

List of symbols

A

angstrom

NHE normal hydrogen electrode

at.% atomic percent

wt.% weight percent

atm atmospheric pressure

Ni-MH nickel-metal hydride

Mm mischmetal

mAh/g milli-ampere-hour per gram

icril critical passivation current density

ip passivating current density

Epp peak passivating potential

EF Flade potential

i current density

F Faraday's constant

Cdi electrochemical double layer capacitance

Rt Faradaic charge transfer resistance

AG free energy change of reaction

xvn

List of symbols

AH

enthalpy change of reaction

AS entropy change of reaction

E0 Zero-point energy

NA Avogadro's constant

h Plank's constant

v0 the fundamental vibration frequency

fH2 partial pressure of hydrogen in equilibrium with metal and hydride

An the difference between the electronegativity of hydrogen and the
electronegativity of metal

xviii

Chapter 1. Introduction

Chapter 1. Introduction
Titanium-nickel hydrogen storage alloys are promising for applications in rechargeable
nickel-metal hydride batteries due to their high volume density of hydrogen. The
hydrogen storage characteristics of titanium-nickel hydrogen storage systems will be

discussed in detail in the literature review ( Chapter 2). Of the three Ti-Ni intermetal
compounds, i.e., Ti2Ni, TiNi and TiNi3, the first has the highest theoretical specific
capacity ( 430 mAh/g), while the specific capacity of TiNi is 250 mAh/g and TiNh is not
capable of hydrogen storage. Furthermore, the theoretical specific capacity value of
Ti2Ni is higher than the currently commercialised LaNis hydrogen storage alloy (370
mAh/g). However, two main problems exist in the research and development involved in
applying Ti2Ni hydrogen storage alloy as the negative electrode of nickel-metal hydride
batteries:

i) the highest specific capacity of a Ti2Ni hydrogen storage alloy electrode
actually obtained in practice is only about 170 mAh/g which is only about 40%
of the theoretical value;

ii) the cycle life of this electrode is far from satisfactory.

Thus, how to solve these problems then becomes a critical issue in improving the
performance of the Ti2Ni hydrogen storage alloy electrode. Little systematic knowledge
was available on the charge/discharge behaviour of Ti2Ni hydrogen storage alloy and its
development as the negative electrode of Ni-MH batteries is far from satisfactory.

Chapter 1. Introduction

A s a consequence, it w a s recognised that a deeper understanding of the charge/discharge
behaviour of Ti2Ni hydrogen storage alloy electrode was required. The development of
this understanding became a five stage process. The goal of the first stage was to
investigate the possibility of increasing the cycle life of the electrode via surface
modification. The second stage goal was to study the causes of the electrode capacity
decay. The third stage aimed to improve the electrode charge/discharge performance by
elemental substitutions in the Ti2Ni alloy. The fourth stage focused on preliminary
electrochemical studies aimed at elucidating the discharge kinetics of the Ti2Ni hydrogen
storage alloy electrode. Finally, at the fifth stage, attempts were made to carry out
neutron diffraction studies in order to obtain an insight into the hydride structure.

Chapter 2 of the present study commences with an overview of the basic concepts and
significance of hydrogen storage alloys. A survey of the literature pertaining to the
characteristics of lanthanum and titanium based hydrogen storage alloys is then
presented. This is followed by a review of the application of hydrogen storage alloys in
nickel-metal hydride batteries

In Chapter 3 a description is provided of the experimental methods and procedures used

in the present study, and the materials and chemicals chosen to fulfill the present resear
work.

Chapter 4 presents studies of surface modification effect on the performance of Ti2Ni
hydrogen storage alloy electrode via low temperature electroless nickel plating.

Chapter 5 of the present work concentrates on providing studies on the early capacity
loss of Ti2Ni hydrogen storage alloy electrode via X-ray diffraction (XRD) analysis. A

Chapter 1. Introduction

n e w phase formed during the charge/discharge processes is believed to be responsible for
the electrode capacity loss in the early cycles.

Studies of the elemental substitutions in the Ti2Ni alloy system are presented in Chapter
6. Effects of cobalt and aluminium additions on the capacity and cycle life of the
electrode are provided.

Chapter 7 presents preliminary studies on the discharge kinetics of the Ti2Ni hydrogen
storage alloy electrode using the method of AC impedance spectroscopy. Influences of
discharge temperature and discharge state on the discharge kinetics are described.

Chapter 8 provides preliminary neutron diffraction studies on the Ti2Ni hydrogen storage
alloy electrodes. The electrochemical impedance analysis reveals the reason for the
difficulties encountered in charging/discharging the electrode in deuterium oxide
solutions for neutron diffraction studies. Suggestions for further in-situ neutron
diffraction studies are therefore given.

To conclude, an overview and summary of the study is presented in Chapter 9.
Suggestions for future work are also made.

—

3

—

Chapter 2. Literature Review

Chapter 2. Literature Review

2.1 Introduction to Hydrogen Energy and Its Storage

2.1.1 Significance of Hydrogen Energy

With the rapidly diminishing non-renewable energy supplies and greater environmental
awareness comes the need for more efficient and cleaner-running fuels. Hydrogen may
be able to provide a solution. Hydrogen is a promising medium for both energy
transmission and storage. It is essentially non-polluting, the major by-product of
combustion being H2O, and it can be generated from readily available and abundant raw
materials and energy sources. Hydrogen has the highest energy density per unit weight
of any chemical and has a diversified number of uses. The most common methods are
the combustion of hydrogen in an internal combustion engine'11 and combining hydrogen
with oxygen in a fuel cell to produce electricity12" 3l Both of these methods have been
applied to automobiles and buses in the United States and Europe with limited success.
Other methods of utilisation involve thermal engines141, air-conditioning systems'51, and
heat exchangers'61. With the development of hydrogen storage, a new method of
hydrogen utilisation involves rechargeable batteries'7"221 which has drawn a great

attention to the scientists in this field. One of the greatest limitations surrounding t
exploitation of hydrogen as a fuel, however, appears to be the difficulty in storing it
safely, economically and conveniently.

Chapter 2. Literature Review

2.1.2 M e t h o d s for Hydrogen Energy Storage

The major methods for storing hydrogen are gaseous storage, liquid storage, glass
microspheres and metal hydrides'23'24].

As might be expected, high pressure gaseous storage methods pose many potential
hazards. High strength steel cylinders are used commercially to ship hydrogen gas at
pressures of 2000 to 2400 psig'231. The thick-walled steel vessels and high storage
pressures limit the use of this form of hydrogen in the growing hydrogen industry

Liquid hydrogen is one of the most important methods of hydrogen storage'231. One
drawback to this storage method is that hydrogen must be cooled to a temperature of 422.9 °F[23] in order to liquefy this normally gaseous fuel. Special vacuum insulated

hoses and storage vessels must be used to maintain the cryogenic temperatures. In spite
of sophisticated insulation methods, such as a Dewar flask'25-

26]

, ambient heat enters t

storage vessel and causes a certain amount of hydrogen boil-off. When not in use, the
boil-off hydrogen must be vented to the atmosphere to prevent a build-up within the
cryogenic storage vessel, resulting in the waste of unused fuel. While cryogenic

hydrogen storage presents some unique storage restriction, progressive research in this
area is essential.

Microspheres are small glass spheres of 6 to 60 mm diameter made from fly ash'241.
These spheres are permeable to hydrogen at high temperatures and impermeable to
hydrogen at low temperatures. Most of the expense, here, is due to the refilling stage
where the hydrogen must be compressed and the system heated to 300 °C. The energy

required for this process is estimated at 3% of the energy available during combustion.
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During 1970s, m u c h work has been done in the development of a class of materials
called "hydrides". Hydrides are materials which form selective bonds with hydrogen
One portion of the general family of hydrides has proven particularly valuable in their

ability to absorb and store hydrogen1231. Hydrogen is stored safely inside the metal itself
and the amount of hydrogen stored per volume is greater than either gaseous or liquid
storage'241. The major difficulties lie in the weight and cost of the hydriding materials

2.2 Metal Hydrides—A Practical Way of Hydrogen Storage
2.2.1 Definition of Hydride

The first definition of hydride was given by Gibb in 1948'27'. A hydride was defined as "a
stoichiometric compound in which there is a presence of a metal-to-hydrogen bond"
This definition of "hydride" excludes the hydrogen compounds of nitrogen, oxygen, the

halogens, sulfur, selenium, etc. This is reflected in their names, e.g., hydrogen chlorid

hydrogen selenide, phosphine, ammonia, etc. The importance of this definition lies in the
nature of the bond'281.

2.2.2 Bonding and Electronic Factors of Metal Hydrides

Hydrogen reacts with metals to form three kinds of metal hydrides, namely saline or
ionic, metallic and covalent'29'301 . The ionic-type bond is made up of metal cations and
hydrogen anions. These hydrides are formed by the direct reactions of hydrogen with
alkali or alkaline earth metals. Also included in this group is magnesium which

Chapter 2.
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demonstrates s o m e covalency. T h e alkali metal hydrides have a sodium chloride type
structure while the alkaline rare earth hydrides have a barium chloride structure. In
general, these hydrides are too stable for hydrogen storage application, with the
exception of magnesium. Covalent hydrides are made up of Be and many of the B group
metals of the Periodic Table, see Figure 2-l[31]. The hydrides may be solid, liquid, or
gaseous and can be quite unstable. None of these hydrides are formed by reacting
directly with the metal, which eliminates them for storage applications. The type of
bonding that is exhibited by the majority of potential hydrogen storage hydrides is
metallic in nature. Metallic hydrides have a metallic appearance and high thermal and
electrical conductivities. They are formed by the reaction of hydrogen with most of the
elements of groups IIIA-VIIIA in the Periodic Table (Figure 2-1) The metallic bond in
the past has been explained by an anionic or protonic model. These models have
practically vanished with the work done132,331 on bond structure.

There are a number of general observations that can be made concerning metallic
hydrides'341:

(1) the metal atoms in metallic hydrides are at least trivalent. Orbital overlap
necessitates that there be close metal-metal spacing and entering hydrogen should
be considered to be metallic;

(2) the majority of catalytic properties of transition metal and rare earth hydrides
systems can be explained in terms of d-electron interaction;

(3) most of the properties of the actinide systems (up to plutonium) can be explained
in terms off-electron interactions;
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if the d- (or f-) electrons are tied up in metallic bonding, they will not, in general,

be readily available for chemisorption-catalysis. Conversely, if the d- (or f-)
electrons are not involved in metallic bonding, they will, in general, be available
for chemisorption-catalysis.

H
LiH
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IVB

B
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AH,

BeH

NaH N^2
IIIA IVA

KH

CaH, ScH, TIHJ

RbH
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?

NIB

Ra
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VH
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OH
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Si

P

s

a

Ar

Fe

Co

NiH O H
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Ge
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Ru
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Sn
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1
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Re
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At
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Figure 2-1.

VIII

He

Mi

CrHj

YH, ZrH, NbH

VIIA

VB VIB VIIB

NoH,

PaH, 1*4,

PrrHj Srm,
PmH, SrrH,
PI*+2

NpH, p i n

HoHj BH, TrrHj VbHj
B ^ GcK ThHj DyH,
DyH, HoHj BH, TrrHj YbHj
AnHj

Cm
?

Bk
?

Cf
?
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?

Fm
?

m
?

No
?

?

Periodic Table showing occurrence of binary hydrides. T h e
underlined c o m p o u n d s cannot be prepared by a direct
reaction'311
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T h e type of metals making up the metallic bonds can be divided into three groups, that is
the highly electropositive metals, the "less electropositive" metals, and the "still less
electropositive" metals'341.

The highly electropositive metals consist of the actinides, the rare earth, and the early
transition metals. The basic properties are as follows'341:

(1) in terms of electronegativities the An (the difference between the
electronegativity of hydrogen and the electronegativity of the metal) value is in
the range 0.5 to 1.0 (see Figure 2-2).

(2) the heats of reaction and solution are exothermic;

(3) hydrogen atoms are found in tetrahedral positions;

(4) hydriding reactions tend to be poisoned by electrophilic (electron seeking )
molecules.

The "less electropositive" metals are made up of metals such as iron, cobalt, tungsten,
etc., and exhibit these properties:

(1) hydrides are not formed easily because of high valences, large cohesive energies,
and lattices that are too small;

(2) the difference in electronegativities, An, is in the range of 0.5 to 0.2;

(3) heats of solution become endothermic;

(4) they may cause major electronic effects as alloy additions.

9
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Electronegativities of the transition metals, the rare earths ( R E ) and
the actinides ( A N ) related to that of hydrogen'341
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The "still less electropositive" metals include such metals as nickel and palladium

These

metals are characterised as follows:

(1) they form hydrides in a complex manner by adding electrons both to the early
filled metal d-states and also to the new state drawn below the Fermi level;

(2) heats of solution and reaction are complex;

(3) hydrogen atoms are found in octahedral positions;

(4) hydriding reactions tend to be poisoned by electrophobic (electron donating)
molecules.

As is shown in the plot of the electronegativities, Figure 2-2, that the circled metals
not form hydrides while those in brackets can be forced into unstable hydriding
configuration. The differences between the electronegativities, An, of hydrogen and a
particular metal may be viewed as a driving force or potential for reaction.

Electronic processes in or near the valence-band region can produce large chemical and

structural effects'341. The presence of oxide (and/or hydroxide) films, inclusions, grai
boundary impurities, etc., may be of major importance in dealing with catalytic

properties. In the case of the electropositive metals, it appears that hydride initiati
(and poisoning ) may occur at such sites, rather than directly on the metals.

In terms of electrons for chemisorption for extremely pure samples of those metals in
which the d-electrons (e.g., Ti and Zr) or f-electrons are almost totally involved in

metallic bonding, hydriding is very difficult to initiate. Hydrogen, however, dissociat
H
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on the late transition metals almost without an energy of activation. A palladium or

nickel flashing or coating over a more electropositive metal may provide an immedia
source of dissociated hydrogen and therefore rapid attack. Electrophobic molecules

poison this dissociation by giving electronic charge to the metal levels that would
ordinarily available.

2.2.3 Thermodynamics and Kinetics of Metal Hydrides

Hydrogen reacts reversibly with the metal by means of the following reaction'241:

M + -H20MHX (2-1)
2

The forward reaction is generally quite exothermic, the heat of formation approachi
the heat of combustion of hydrogen in some compounds. The direction of the above
equation depends on the hydrogen pressure in the system. The selections and

optimisation of hydrogen storage alloy are based on the thermodynamics of the alloy
The behaviour of metal-hydride systems can be best represented by a pressure,
composition, temperature (P-C-T) diagram. It is a plot of pressure and composition

various temperatures as shown in Figure 2-3'24'31]. The initial steep slope correspo
hydrogen going into solid solution and this single-phase region is usually denoted
a-phase. The position where the curve begins to change slope on the P-C-T diagram

denotes the appearance of a metal hydride or B-phase. The solubility of hydrogen in
many metals can be quite high, which results in many metal hydrides that are non-

stoichiometric. With the formation of the second phase, the hydrogen pressure remai
constant and a "plateau" results, as more hydrogen is added. The concentration of
12
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hydrogen in each phase does not change, only the relative amounts of each phase

The

plateau continues as long as there are two distinct phases, as required by Gibbs' pha
rule'35'361:

F=C-P+2

Where P is the number of phases, C is the number of components, and F is the degrees
freedom.
The effect of temperature is also demonstrated in Figure 2-3. In general, as the

temperature is increased, the miscibility gap tends to narrow, evident in the smaller
plateau length. At some critical temperature, the miscibility gap disappears and the

phase converts continuously into the li-phase. An additional hydride phase, the y-pha
may also be formed, in which case a second and higher plateau will appear.

Hydrogen to metal ratio

Figure 2-3.

Pressure-composition isotherm showing the relationship between the
equilibrium hydrogen pressure and the hydrogen concentration'241
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The thermodynamics for the formation of a metal hydride can be derived from the Van't
Hoff isobar1311:

d\nK AH
dT ~ RT1 (2"2)
where R is the gas constant, T is the temperature and AH is the heat of reaction

The equilibrium constant K is given by:

* — % -

(2-3)

a

MJH2

where aMHx and aM are the activities of metal hydride and pure metal respectively, fm is
the partial pressure of hydrogen in equilibrium with the metal and hydride.

Miedema and co-workers'37'

38]

have developed a model regarding the formation and

dissociation of metal hydrides. The assumptions entering in and the implications comi
out of this model are stated as:

(1) the energy effects in alloys of two transition metals, and alloys of transition
metals with noble or alkali metals, are mainly nearest-neighbour effects;

(2) the stability of a hydride can be expressed as a function of AH alone. The
criterion for a hydride to be stable with an equilibrium pressure at room
temperature below 1 atm is

H=TS(H2gas) ~ -9 kcal (molH^-1

(3) intermetallics, that can absorb large quantities of hydrogen near room
temperature, have at least one metallic element that can form stable binary

14
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hydrides. Examples are Sc, Y, La, Ti, Zr, Hf, Th, U, Pu;

(4) The heat of formation of a ternary hydride, ABnH2m, from the binary intermetall
ABn and gaseous H2 can be resolved into:

A//(ABnH2m) = ArY(ABm) + AH(BBHm) - AH(ABn) (2-4)

For the ternary hydride to be stable at room temperature, with a pressure of 1 atm
heat of formation has to be more negative than -9 kcal ( mol H2)*1.

A schematic representation for ternary hydrides'371 is shown in Figure 2-4. Metal A
minority metal in the compound ABn and attracts hydrogen ( hydrides of A are more
stable than those of B). The hydrogen atoms primarily surround the A metal atoms.

There are contacts between the A atoms and the hydrogen and likewise contacts betw
the B atoms and hydrogen, while the atomic contact between A and B, that was

responsible for the heat of formation of the original compound, is lost. The conta
surface area is approximately the same for A-H and B-H, thereby implying that the
ternary hydride, ABnH2m, is energetically equivalent to a mechanical mixture of AHm
BnHm, so that the heat of formation is given by Equation (2-4).

It seems that the negative component of Equation (2-4) has the greatest effect and

to the rule of reversed stability'371. This rule states that the more stable the bi

intermetallic compounds one starts with, the less will be the tendency to form sta

hydrides. There will only be the formation of a stable ternary hydride if at least

the metals (A) forms fairly stable ternary hydrides. For this reason, A is restric
Y, Ti, Zr, Hf, Th, or U.

15
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i^\
:

Figure 2- 4.

A

Atomic cells in an intermetallic compound of two metals A and B
with and without hydrogen present. The atomic cells of hydrogen
are indicated by broken lines. U p o n hydrogen absorption the
lattice parameter has to be increased, which is not taken into
account in this figure'37'

In metal hydrogen systems, the configurational entropy (AS) is relatively constant'37"391

and is equal to -30.0 ± 6 cal deg"1 (mol H2)"\ This entropy effect is predominantly d
to the high entropy of hydrogen as a gas, (31.0 cal deg*1 (mol H2)_1 at room

temperature), which is lost upon entering the metal. Because of the relative constan
value of AS, the enthalpy value is usually considered the more important value.
However, Gruen and Mendelsohn'391 showed that entropy changes in a number of AB-H

16
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systems differ by up to 6.5 e.u.(mol H 2 ) _ 1 leading to differences of about 2 kcal (mol H 2 ) '
1

in the free energies of reactions at 300 K. This corresponds to changes of more tha

one order of magnitude in hydrogen dissociation pressures.

The reaction kinetics of hydrogen absorption and desorption in metal-hydrogen system

is an important consideration in selecting materials for practical storage applicati

Kinetics are hard to follow quantitatively because many hydriding reactions have rat
constants of the order of a few seconds. Usual methods cannot follow such rapid

changes. A temperature change of a few degrees Celsius is sufficient to alter the ki
significantly.

The "plateau" behaviour exhibited by hydride systems is similar to many of the phase
transformations of the nucleation and growth type

|40

l

F(t)= 1 - exp{-(t/x)n} (2-5)

where F(t) is the fraction of reaction completed at time t, x is the reaction rate t
constant (relaxation time), and n is an integer or half-integer, the value of which

governed by the geometries associated with the rate-controlling process. For the a->
transformation, the fraction of the reaction completed is given by:

W(t)-Wa

F(t) = - ^
Wp

(2-6)
-Wa

where w(t) is the weight of absorbed hydrogen at time t, wa is the weight of absorbed

hydrogen in the a-phase limit and wB is the weight of absorbed hydrogen in the 13-pha

hydride. Problems are usually encountered in relating these theoretical equations to
actual cases. This is due to the fact that most experimental P-C-T diagrams do not
17
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exhibitflat,horizontal plateaus. The slope in the plateau indicates that different portions
of the hydride material hydride at different pressures'401 Impurities, inhomogeneities,
particle size and stresses could all be factors contributing to this phenomenon

The majority of work done on hydriding/dehydriding kinetics has been qualitative in
nature. The kinetics varies depending upon the material in question. Kinetics, as well
thermodynamic properties, can be affected by alloy composition and crystal structure
Poisoning effects must also be considered, as contaminants may affect the rate-

controlling processes. Kinetics is also directly dependent upon the system pressure'411.
The greater the difference between system pressure and equilibrium pressure the faster
the reaction rates.

Kinetics can vary from very fast absorption/desorption rates in alloys such as LaNis,

where the reaction rate is controlled by heat transfer1421 to extremely sluggish rates in
Mg-alloys, which can be governed by dissociative chemisorption and associative
desorption'431.

2.2.4 Classification of Metal-Hydrogen Systems

The commonly known hydrides for energy storage can be classified as the following
systems, namely lanthanum, calcium, cesium, zirconium, magnesium and titanium. They

can be further classified, according to the structure of the intermetallic compounds, a
AB5, AB, AB2, AB3, A2B7 and A2B compounds, wherein A is the element that absorbs
hydrogen and B is the element that adapts the plateau pressure of hydrogen storage.

18
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A s is commonly k n o w n that numerous amounts of intermetallic compounds can be used
for the purpose of hydrogen storage. Metal hydrides can be used in many ways'441 such

as heat storage, heat pumps, refrigerators, compressors, sensors, actuators, gettering

purification and battery. Metal hydride used as the negative electrode of rechargeable

batteries has drawn more and more attentions and will therefore be discussed in greate

details in the present review. Of all metal hydride systems, La-Ni system has been mos
studied as a hydrogen storage system and is the first system commercialised in
rechargeable nickel-metal hydride battery; Gutjahr et.al

(451

tested a great number of

binary and ternary hydrides for their electrochemical activity, particularly concerni
amount of hydrogen which could be stored and reversibly discharged. The most
promising hydrides found were in the Ti-Ni system. Therefore, Ti-Ni was found being

the other system, besides La-Ni, suitable as the negative electrode material in alkali

solution'461. Ketil Videm also stressed that, despite of the very high energy content o

hydrides such as Ca, Mg and Be, an electrochemical utilisation of the stored energy is
more complicated than for LaNi5 and Ti-Ni hydrides'47'. It was concluded that the
energy to weight ratio for storage batteries manufactured using negative electrodes

fabricated from LaNi5 or Ti-Ni materials will be about two to three times more than th
of the lead-sulphuric acid cell. It was also concluded that the high electrochemical
activity of these two materials is very encouraging with respect to economic
electrochemical power generation. Therefore discussions about hydrogen storage
systems will be emphasised on lanthanum and titanium systems in the present review.

2.2.4.1 Lanthanum System Intermetallic Compounds

There are three types of hydrogen storage alloys in lanthanum system hydrogen storage
alloys which are AB5, AB2 and AB3. Most of the work done on lanthanum system has
19
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been restricted to LaNi 5 which is of type AB5.

A B 5 compounds, in general, form

hydrides with equilibrium pressures of a few atmospheres at temperatures up to 100 °C

Other attractive properties are low hysteresis, tolerance to gaseous impurities, and ea
activation in the initial cycle. However, most of these compounds contain Ni as the
majority metal which makes for a higher cost. The AB5 family has a hexagonal or
orthorhombic structure with the CaCu5-type lattice, as shown in Figure 2-5148'.

It is stated that the CaCu5 structure allows 9 asymmetric tetrahedral and octahedral
interstitial sites per formula unit'481. There are 12 tetrahedral sites per unit cell
Nevertheless, 12 hydrogen atoms cannot fit into these 12 locations. This is because
steric interference prevents the simultaneous filling of a site above z = 1/2 and its
image below z = 1/2. Switendick '49) has shown that the H-H internuclear distance in
binary hydrides must exceed 2.1 A. But the c axis in AB5 compounds is only 4 A from z
= 0 to z = 1. Consequently tetrahedral sites must have z coordinates approaching 1/4

and 3/4 to yield the required separation. This could happen only with a gross change in
structure, which has not been seen experimentally. Hence, hydrogen atoms cannot

occupy both mirror images even when a pair of sites is present, leaving a maximum of si

tetrahedral sites that can actually be filled per AB5 unit. Some of the octahedral site

degenerate into 4 new sites, as shown by triangles in Figure 2-5. There are 12 of these

sites per unit cell; however, because of steric crossing considerations only 3 of these

be filled. Therefore hydrogen atom locations are restricted to 9 ( 6 tetrahedral plus 3
octahedral) per AB5 unit1481.
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Figure 2-5.

T h e A B 5 structure shown in both the hexagonal (right)and the
orthorhombic (left) lattices. Also shown are tetrahedral ( O ) and
octahedral ( D ) sites and their possible degeneracies (A)

The intermetallic, LaNi5, is characteristic of many hydrogen absorbing compounds, t

is, one metal has a strong affinity for hydrogen ( La) and the other absorbs littl

hydrogen (Ni)'50]. The maximum composition that has been reported by Lakner and co-

workers is LaNi5H«.35 at a hydriding pressure of 1650 atm at 21 °C[48]. LaNi5-H hydr

have been studied to a somewhat greater extent than other AB5 intermetallic hydride
(LaCo5, LaFe5, LaCr5, CaNi5, ZrNi5, ThCo5, ThNi5, ThFe5, CeCo5, PrCo5, SmCo5 et. al)
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with respect to their sorption properties'51'52], their phases'531, and their structure'54"5*1 as
well. Also of interest are the well known catalytic properties of the nickel surfaces in
hydrogenating reactions. Schlaprach and co-workers'43'

591

have reported the surface

segregation and decomposition of LaNi5 which account for the excellent absorption and

desorption kinetics and the catalytic activity of intermetallics. Cohen et a/601 studie
hydrogen absorption-desorption properties of (Lao.9Euo.i)Ni4.6Mno.4 through 1500
thermally induced cycles and found that the amount of reversibly absorbed hydrogen
decreases markedly. By following the state of material using MOssbauer spectroscopy of
151

Eu they established that the 75% degradation detected was due to the formation of a

stable hydride phase, LaH2. They gave the first report of an intrinsic degradation
mechanism in the LaNi5 family of materials. Gamo and co-workers'611 reported a 60 %
degradation of LaNi5 after 3700 cycles in 99.99% pure hydrogen, freshly introduced for
each cycle. Goodell'621 investigated the cycling stability of LaNi5 after 1500
hydrogenation cycles. He found a decrease of about 27% in the hydrogen reversible

capacity and an increase in the slope of the plateau, as well as a split forming at [H]/[
« 0.5. Uchida'631 performed over 3300 absorption-desorption cycles with LaNis to

investigate particle sizes and diffraction pattern of cycled material. Benham et al'641,
inelastic neutron scattering study of samples of LaNi5 cycled 750 times, dismissed the
phase separation hypothesis and concluded that a complex trapping process in involved
Lee and co-workers'65'66] reported a 62% loss in up-take capacity after 3500 thermal
cycles, which was explained by surface microphase separation and bulk structure
reordering, accompanied by amorphisation of the degraded material. Joseph and coworkers'671 investigated the stability of the alloy LaNi5 under prolonged hydrogenation
cycling of up to 45000 in a closed system under mild pressure temperature conditions
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The P-C-T curves, measured at various stages of cycling, showed a gradual increase in
plateau slope along with a decrease in the hydrogen absorption capacity, which
ultimately reached 30%. Their isothermal desorption kinetics measurements revealed
that the part of the alloy which did not undergo deterioration remained active and
retained unchanged reaction rates and activation energy. They presume that the
mechanism most likely to be responsible for the observed deterioration in hydrogen
storage capacity is the extrinsic reaction of the alloy surface with oxygen impurities.

Elemental substitutions of La and Ni have been investigated in the hope of reducing the
cost. Mendelsohn et a/681 have tried replacing up to 20% of the Ni with Al with
dramatic results in lowering decomposition pressures without impairing the kinetics or
the hydrogen storage capacities. Other elements have been used to substitute for Ni,
such as In, Sn, and Ga, and in each case the stability of the hydride was increased
without greatly changing the hydrogen to metal ratio'691. Replacement of 20% of the Ni

by Pd, Co, Fe, Cr, Ag, Cu and B[70'71] lowered the plateau pressure in all cases except fo
Pd which increased it greatly, as compared to LaNi5. Due to the complexity of elemental
substitution effects on the absorption/desorption kinetics, extensive work have been
carried out to partially replace Ni with Al'72"861, jvfoW74-77-78-81'86'87',
^[37,74,75,77,78,81,83,84,88,89]^ ^[37,74,90-92]^ ^[37,74]^ ^[37,72,74,91]^ ^[93] &nd ^[94] Q^ ^^

concerning the hydriding behaviour of LaNi5 involve the initial activation'951, hydride
formation mechanism'96'971 and the hydrogen solubility'981. Wang and Northwood'99'
reported the thermodynamics of hydride formation and the prediction of hydrogen site
occupancy.
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In the hope of further facilitating the hydrogen absorption/desorption processes, partial
substitution of L a has also been studied. A reduction in stability, i.e., a higher plateau
pressure w a s observed in each case w h e n substituting L a for N d , Gd, Y, Er, T h and
Zr1371. Lakner and co-workers also studied the effect of replacing about 5 0 % of the
lanthanum with cerium'481. It w a s found that the addition of cerium caused no significant
shift of the vertical portion of the isotherm but did shift the lower plateau to a less stable
position. Lundin et al'1001 reported that the interstitial hole size available for H 2 decreases
w h e n cerium is substituted for lanthanum in increasing amounts. V a n Vucht et al'51' cited
thefirstplateau pressures for Lao.5Ceo.5Ni5 and Lao.4Ceo.6Ni5 at 12.4 atm and 17.2 atm
respectively. They presume that the drastic jump in plateau pressure is associated with
the change in valence of the cerium atom from +3 to +4. In addition, mischmetal ( M m )
has been used to replace pure L a with respect to drastically reduce the cost of alloy
preparation without significantly change the hydriding/dehydriding performance of LaNi 5
ii

[75,77,78,81,83,86,101,102]

In order to compare with the mostly studied LaNi5 alloy, other AB5 compounds of
interest, but not as extensively studied as LaNi 5 , are listed in Table 2-1.
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Table 2-1 Characteristics of A B S hydrides (*Room temperature unless specified; #\I-mischmetal)
Hydride(s)

Compounds

Hydrogen to
metal ratio

Equilibrium
plateau
pressure*(atm)

AH[kcal
(mol H 2 )']

Reference

1.39

2.2

-7.2

[37. 48]

0.04

-4.5

[37. 48]

-

-19.0

[37]

-

-25

[37]

-

-3.0

[37]

LaNi 5

LaNisHg.35

LaCo 5

LaCosH 9

LaFe 5

LaFesHs

LaCr 5

LaCrsHe

CaNi 5

CaNi 5 H6

1.5
1.0
1.0
1.0

ZrNi5

ZrNisIL

0.67

-

+9.5

[37]

ThCo 5

ThCostL

0.67

-

-5.0

[37]

ThNi 5

ThNi 5 H4

0.67

-

+3.0

[37]

ThFe 5

ThFesJL

0.67

-

-12.0

[37]

LaNi 4 Cr

LaNi 4 CrR,

0.67

-

[37]

LaNi4Fe

LaNi 4 FeH 3

0.5

0.9
1.1

-

[37]

LaNi 4 Co

LaNi 4 CoH 4

0.67

1.25

-

[37]

LaNi 4 Cu

LaNi 4 CuH5 7

0.95

1.6

-

[37]

LaNi 4 Ag

LaNi 4 AgH 4

0.83

2.25

-

[37]

LaNi4Pd

LaNi 4 PdH 2 5

0.42

-

[37]

CeCo 5

CeCo5H75

1.25

-

[37]

PrCo 5

PrCosHe

1.0

7.0
1.0
0.8

-

[37]

LaNi4.6lno.4

LaNi 46 Ino 4 H 5

0.83

0.054

-9.46

[62]

LaNi46Sno.4

LaNi 4 6Sno 4 H 5 7

0.95

0.076

-9.2

[62]

LaNi 4 6 Al 0 4

-

-

0.16

-8.7

[62]

LaNi46Gao.4

-

-

0.30

-8.4

[62]

LaNi4Al

LaNi 4 AlH 6

0.007(50 °C)

-12.7

[61]

Ndo.2Lao.gNi5

Ndo^Lao.gNisHfi

1.0
1.0

6.5(40°C)

-

[37]

Gdo2Lao.gNi5

Gdo.2Lao.8Ni5H5

0.83

10.0(40 °C)

-

[37]

Y0.2Lao.sNi5

Y0.2Lao.8Ni5H5

0.83

12.0(40 °C)

-

[37]

Ero.2Lao.gNi5

Ero^Lao.gNisHe

20.0(40 °C)

-

[37]

SmCo5

SmCo5H3

[51]

Lao.45Ceo ssNisLL-

3.5
70

-

Lao.45Ce0.55Nij

-

[48]

LaMnoosCo 4 95

LaMrio osCo4 95H9

[48]

Lao.sCeo.sCosHg 5

1.0
0.1

-

Lao 5 Ceo5Co 5

-

[48]

Lao 5C00 5 NiCo 0 5

Lao 5Coo.5NiCoo.5H

1.0
0.5
1.5
1.5
1.4
1.0

15.2

-

[103]

MNi4.5Cr0.5#

MNi4.5Cro.5H6.3

1.05

14(50°C)

-6.1

[101]

MNi4.5Mno.5*

MNi4.5Mno.5H6.fi

1.1

4(50°C)

-4.2

[101]

Mo.5Cao.5Ni5*

M o 5Cao.5Ni5H5

0.83

19(50°C)

-7.6

[101]

Mo.3Cao.7Ni5*

MojCaojNijHs4

0.91

3.8

-

[102]

—
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2.2.4.2

Titanium-nickel system intermetallic compounds

2.2.4.2.1 A brief outline of Ti-based alloys for hydrogen storage

The combination of high solubility for hydrogen and relatively low molecular weight
makes solid titanium hydride a potentially high hydrogen density material1104106]. The
titanium-hydrogen equilibrium system has been determined, primarily by pressuretemperature-composition studies and by X-ray studies, to be a simple eutectoid system
with the terminal constituents being an alpha solution of hydrogen in titanium and a
gamma phase approaching the stoichiometric composition TiH211041. Unfortunately, the
hydride of titanium, T1H2, cannot be used for hydrogen storage because its dissociation
pressure is too low[101!. However, by alloying titanium with certain metals the
equilibrium dissociation pressure of the hydride can be increased and hydrogen storage
then becomes practical. Several titanium-based alloys have been discovered which are

potentially useful for hydrogen storage: Ti-Fe1107"1161, Ti-Cu1117"119', Ti-Cr11201, Ti-Al|121>,
Ti-Co[101'122], TiCoi.xMnx[123] and Ti-Ni[124~1281. Most of the work done on titanium-based
alloys has been restricted to Ti-Fe and Ti-Cr. However, van Rijswick'461 exploited that
compounds with Fe and Mn corrode continuously with the evolution of hydrogen gas
when put in contact with the alkaline solution while compounds with Cr (and V) absorb
no hydrogen when a cathodic current is generated though they do not corrode
significantly. Nickel and cobalt were found immune in alkaline solution up to ca. +150
mV above the NHE (normal hydrogen electrode) potential. At higher potentials they are

oxidised, whereas oxidation is only a transient reaction on Ni, which becomes passivated
Cobalt oxide is more soluble and the metal which contains cobalt thus corrodes at high
anodic potentials (vs. NHE). Copper was not investigated owing to its weight which
yields a low hydrogen/metal ratio, namely specific capacity of hydrogen. Videm14
26
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reported the similar results for compounds containing Fe. H e pointed out that iron

would only be stable under electrolytic charging. Under discharge in alkaline solutions
corrodes by the formation of HFe02". Ti-Al alloy is competitive in terms of weight and
cost, the irreversibility of the formation of the y phase, however, obstacles its
application'1211. Fortunately, Ti-Ni was found to be one of the most promising hydrides
for electrochemical applications besides La-Ni hydrides, as aforementioned'4 ~*71.
Therefore survey of titanium based hydrogen storage alloy is emphasised on Ti-Ni
system in the present review.

2.2.4.2.2 Ti-Ni system hydrogen storage alloys
[129]

The phase diagram of Ti-Ni is shown in Figure 2-6

Weight Percent Nickel

U55*C

90

Ti

Atomic Percent Nickel

Figure 2-6 Titanium-Nickel phase diagram
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A s is shown in Figure 2-6 there exists three intermetallic compounds, namely TiNi3, TiNi
and Ti2Ni. The crystal structure data is given in Table 2-2[129].

Table 2-2 T h e crystal structure data of TiNi 3 , TiNi and Ti 2 Ni phases
Phase

Composition,
at.%Ni

Pearson
symbol

Space
group

Strukturbericht
designation

Prototype

Ti2Ni

33.3

cF96

Fd3m

E93

NiTi2

TiNi

49.5-57

cP2

Pm3m

B2

CsCl

TiNi3

75

hP16

P63/mmc

D024

Ni3Ti

The possibility of using Ti-Ni alloys as the negative electrode in fuel cell system was
shown by the preliminary results obtained by E. W. Justi and co-workers in 1970[124)
Two years later, Buchner and co-workers11301 found that only Ti2Ni and TiNi are able to
absorb great amounts of hydrogen on interstitial lattice positions but the other

compound, TiNi3, is not capable of storing hydrogen. They also reported the possibility
of using Ti-Ni as the negative electrode in alkaline solution at the international
conference of 'Power Sources 4' in the same year1451. Wakao and co-workers11311
mentioned that when x value ranges from 0.5 to 1 in TiNix, namely TiNi and Ti2Ni, the
hydrogen-absorbing metals are suitable to be used as the negative electrodes for a new
type of storage battery and fuel cell.

Buchner et al. reported four distinct hydride phases of Ti2Ni (Ti2NiH25, Ti2NiH2, Ti2NiH

and Ti2NiHo.5) based on X-ray diffraction data in conjunction with pressure-composition
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measurements at 150 °C and pressures to 101 kPa whilst the only hydride phase of TiNi

is TiNiH[130]. The theoretical hydrogen storage capacity of Ti2Ni and TiNi are 430 Ah/kg
and 250 Ah/kg corresponding to Ti2NiH2.5 and TiNiH respectively1131"

132, n ]

'.

Nevertheless, as pointed out by Buchner11341 and Videmt47], the measured capacities for
TiNiH are in good agreement with the theoretical values while the maximum discharged
capacity of Ti2Ni electrode is about 170 Ah/kg which is only about 40-50% of the
theoretical value. This was again mentioned by Berndt in 1993[133].

The great difference between the theoretical hydrogen storage capacity and the
practically drawn capacity renders the study of Ti2Ni hydrogen storage alloy an
important project. The characteristics of Ti2Ni hydrogen storage alloy is therefore
discussed in a greater detail below.

2.2.5 Ti2Ni Hydrogen Storage Alloy

2.2.5.1 Structure of Ti2Ni intermetallic compound

Among the crystal structures that occur at A2B stoichiometry, the Ti2Ni-type

(Strukturbericht type E93) is the one found most frequently in binary systems, in whic
titanium-group element is the A component and the B component is from the nickel or
cobalt group[135].

The structure of Ti2Ni is that of a large face-centred cubic unit cell containing 96 m
atoms and belongs to the space group CV-Fd3m[128'

,35_139]

. There are nine symmetry

positions in this space group: 8a, 8b, 16c, 16d, 32e, 48f, 96g, 96h and 192i. The atom
ordering in Ti2Ni has been determined by both X-ray diffraction1136'
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diffraction[128]. T h e nickel atoms are in positions 32(e), for which there are twelve
nearest-neighbours, three nickel and nine titanium, arranged in a distorted icosahedron.
Titanium atoms are assigned to positions 16(c), which are CN 12 sites having an equal
number of titanium and nickel nearest-neighbours, and to positions 48(f), the nearestneighbours to which are ten titanium and four nickel atoms .

The large fee cell of Ti2Ni can be visualised as composed of eight cubic subcells having
the two alternating patterns that are shown in Figure 2-7(a)1128*

135

l The tetrahedra and

octahedra represent tetrahedral and octahedral clusters of nickel and titanium atoms,

respectively, which have been collapsed about their centres so that the internal structure
of the subcells is revealed. In Ti2Ni the oxygen positions in subcell (b) are empty

Figure 2-7 Schematic diagram showing crystallographic subcells in Ti 2 Ni (a) and
(Ti2Ni)20 (b)
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The lattice constant (ao) reported by Yurko is 11.278 A[136'141) which was collected into
Powder Diffraction File by JCPDS (Joint Committee on Powder Diffraction

Standards)11421. Mueller and Knott'1281 reported, five years later, a somewhat higher valu
of 11.319 A. They declared that the oxygen content in their Ti2Ni sample used for the
investigation was very low. They pointed out that if oxygen were present in Yurko's
sample, it should have expanded the cell size rather than causing it to decrease They

mentioned that Yurko et al. had indicated very little compositional range for Ti2Ni whi

might be another cause of varying lattice constants. They also revealed that in (Ti2Ni)

the apparent radius of the oxygen atom in the direction of Ti-0 contacts is 0.65 to 0.6

In addition, Mueller and Nevitt have revealed an important characteristic of Ti2Ni,
namely the ability to dissolve oxygen'128,135). The titanium and nickel atoms are in the
same positions that they occupy in Ti2Ni, whereas oxygen atoms occupy the 16(d)
positions of the space group, which are empty in the binary phase, see Figure 2-7 The

upper limit of the oxygen concentration is about 14 at.%, which coincides with the fill
of the sixteen holes in the unit cell containing ninety-six metal atoms.

2.2.5.2 Hydrogen storage characteristics of Ti2Ni alloy

The intermetallic phase Ti2Ni is able to absorb great amount of hydrogen. Buchner and
co-workers reported four isotypic hydride phases, namely Ti2NiH25, Ti2NiH2, Ti2NiH
and Ti2NiHo.5[1301 based on X-ray diffraction data in conjunction with pressurecomposition measurements. This result was collected into Powder Diffraction File by
JCPDS and is commonly accepted'1421. The measurements were carried out at 150 °C

and pressures to 1 atm. Hydrogen is believed to fill the various interstitial positions
the E93(Fd3m) structure, causing a slight increase in the lattice parameter. The
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m a x i m u m lattice cell expansion is 1 7 % . The lattice parameters of the isotypic phases
increase with increasing hydrogen contents. The maximum d-space increase, Ad, is 5 3%
reported by Buchner and co-workers'1301. The pressure-composition isotherm and the
diffraction pattern of Ti2Ni-H phases are shown in Figures 2-8 and 2-9 respectively.
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Under quite different conditions Mintz and Hadari'1431 observed three Ti2Ni-H hydride
phases, namely Ti2NiH, Ti2NiHi.5 and Ti2NiH2 based on the temperature-composition
measurements. The measurements were conducted at a constant pressure of 700 Torr.
The results and experimental phenomena are summarised below.

The Temperature-composition curves obtained is shown in Figure 2-10.
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Figure 2-10

Temperature-composition curves for the Ti 2 Ni-H system at 700 Tonhydrogen pressure: solid line, heating (1 °C min x ); broken line, slow
cooling (1 °C min"1)'143'
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The solid line in Figure 2-10 represents the heating curve ( at a rate of 1 °C min*1)
fully hydrided sample. When the fully hydrided sample is heated, decomposition of the

hydride occurs. The decomposition of the hydride, as shown in Figure 2-10, takes place
through the following series of steps:

(1) solid solution behaviour, i.e. a monotonically decreasing T-C curve, in the
temperature range 25 - 460 °C down to an H/Ti2Ni composition ratio between
2.9 and 2.1;

(2) a phase transition at 470-480 °C: Ti2NiH2.i -> Ti2NiH, 9;

(3) solid solution behaviour in the temperature range of 480 - 620 °C to H/Ti2Ni
ratios between 1.9 and 1.5;

(4) a phase transition accompanied by a sharp endothermic peak in the DTA
(differential thermal analysis) curve at 630 - 645 °C: Ti2NiHi

5

-> Ti2NiHi;

(5) solid solution behaviour in the temperature range 650 - 680 °C to H/Ti2Ni ratios
between 1 and 0.9;

(6) a phase transition accompanied by an endothermic peak at 690 - 710 °C:
Ti2NiHo.9 -> Ti2NiHo.4;

(7) solid solution behaviour at temperatures above 710 °C.

Based on the observations above, Mintz et. af143] concluded that there exists three
hydride phase in Ti2Ni-H system, namely Ti2NiH, Ti2NiH15 and Ti2NiH2.
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Another phase, Ti 2 NiH 3 , is also quoted by Mintz et. al'1431 from Beck's work'1441 which is
the highest hydrogen content reported in Ti2Ni-H system.

Mintz and co-workers'1431 also studied the effect of slow cooling (1 °C min"1) on the
uptake of hydrogen is also illustrated in Figure 2-10 by the broken line. A hysteresis

loop is present at elevated temperatures while the desorption process occurs in two ste

and at a higher temperature (Figure 2-10 solid line). Furthermore, the phase transition
occurring during heating at about 470 °C does not appear in the cooling process. The
occlusion of hydrogen during slow cooling stops below 300 °C. The maximum H/Ti2Ni

composition ratio is slightly lower than 2.5 as compared with the value of 2.9 obtained
by fast cooling. In some other pure Ti2Ni samples even lower hydrogen contents,
H/Ti2Ni « 2.2, were observed following slow cooling. It is therefore stated by Mintz
that the dependence of the maximum room temperature hydrogen uptake by Ti2Ni on its

previous history, i.e. cooling rate, may account for the various values reported in the
literature'143'144] for the maximum composition ratio of this hydride.

The above discussion shows the difference of hydride formation in Ti2Ni-H system
reported by Buchner'1301 and Mintz'1431 under different measurement conditions. A
tentative partial phase diagram of Ti2Ni-H system was therefore proposed by Mintz'1431
to reconcile these differences, as shown in Figure 2-11. The composition limits of the
+ 15 and B> + y two-phase fields are shifted towards higher H/Ti2Ni ratios at elevated

temperatures. If this is true, there should exist five hydride phases in Ti2Ni-H hydroge
storage system, namely Ti2NiHo.s, Ti2NiH, Ti2NiHi.5, Ti2NiH2 and Ti2NiH25.

From the discussion above it is of note that the formation of hydride phases is depende
on the conditions of measurement such as temperature, pressure and the procedures of
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hydriding and dehydriding. Mintz stated in another paper11451 that pure T i 2 M (M=Ni, Co)
intermetallic compounds react with hydrogen in an irreproducible manner, reaching
various H/Ti2M composition ratios. Surface decomposition reactions catalysed by
surface impurities may account for this irregular behaviour. Heating hydrogenated Ti2M
samples in a hydrogen atmosphere results in initial decomposition followed by
disproportionation reactions which convert part of the Ti2MHx into TiH2 and TiM.

1.0

1.5

H/T; 2 N;

Figure 2-11

A tentative partial phase diagram of the Ti 2 Ni-hydrogen system
proposed by Mintz'1431 based on his o w n w o r k and the data
reported by Buchner 11301
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Buchner11301 also revealed by neutron diffraction study that the absorbed hydrogen atoms
in pure Ti2Ni occupy various interstitial sites in the E93(Fd3m) structure. In the low

hydride phase, Ti2NiHo.5, hydrogen atoms fill the (8a + 8b) interstitial sites, as shown i
Figure 2-12. In the intermediate hydride phase, Ti2NiH, the additional hydrogen atoms

are located on the (16d) interstitial sites. Because of extreme experimental difficulties
the preparation of the high deuteride the exact hydrogen position in the phases Ti2NLH2
and Ti2NiH25 were not determined.

The 8(a) hydrogen position
Ni(D

The 8(b) hydrogen position
Ti(1)

Figure 2-12

Hydrogen positions in the 8a and 8b interstitial sites corresponding
to T i 2 N i H 0 5 phase
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Mintz et. al'1431 suggested that in the Ti 2 NiH 2 5 hydride hydrogen atoms in excess of

Ti2NiH composition partly fill the (96h) interstitial sites of the Ti2Ni structure. Thi
however, without any experimental evidence.

2.3 Rechargeable High Performance N i - M H Battery—A Promising
Application of Metal Hydrides
2.3.1 A Brief Survey of Metal Hydride Applications

The applications of metal hydrides may be divided into two categories'441:

(1) "traditional" uses that pre-date the discovery of modern room-temperature
hydrides. Hydrides were used as chemical reducing agents and as additives for
deoxidation and desulfurization of steel. Other traditional uses include high
temperature coating and bonding processes, portable hydrogen generators for
weather balloons ( via hydride water reactions), and in the preparation of metal
powders by hydride embrittlement, grinding and subsequent outgassing. Several
applications in the nuclear industry have a long history, including use as
moderators ( e.g. space nuclear auxiliary power systems), shielding, isotope
separation and storage, and gettering'1461.

(2) Applications that have been made possible by hydride materials that react rapidly
and reversibly with hydrogen of moderate pressure at room-temperature. These
applications are straightforward adaptions of modern hydride materials for
traditional uses, and span a wide variety of technologies'441.
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The spectrum of modern hydride uses m a y be subdivided according to the hydride
property, which is the basis of each application. The properties of metal that are most

useful in practical applications are (1) hydrogen capacity (storage, gettering, purifica

batteries), (2) H2 pressure-temperature characteristics (compressors, sensors, actuators),
(3) latent heats of reaction (heat storage, heat pumps, refrigerators)'87'1471501

Among all the applications currently under development, the use of hydrides for
hydrogen storage was studied and developed extensively during the 1970s and 1980s,
principally for automotive and industrial fuel storage'1149'

151, 152]

. The objective is to

store hydrogen compactly and safely, in low pressure containers, for use as fuel for
engines or fuel cells. Waste heat from the vehicle's power system provides the heat of
desorption. The basic concept of metal hydride used for heat storage is given as an
example shown in Figure 2-13[44]

With the development of hydrogen storage materials, the reversible hydrogen capacities

of metal hydrides are also central to their use in nickel-metal hydride batteries, a nov
promising application area. Application of metal hydrides for rechargeable Ni-MH
batteries is therefore discussed in greater details below.
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Hj Storage in Hydrides

I STORAGE

11 RECOVERY
-__,—...,...., —,—,

^^

Heat Source

I

Hj From Source
Hydride

H, To End Use

Hydride

I

Heat Sink

Figure 2-13

Storage and recovery of hydrogen with metal hydrides. In the
storage phase H 2 is absorbed while heat is released to a heat
sink. During recovery heat is consumed from a heat source as
H 2 flows out to the end user. In some applications the heat
source and sink are simply ambient air'441.
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2.3.2 Basic Concepts of Nickel-Metal Hydride Battery

The need for high energy density storage batteries has been growing since 1980s. The
advent of portable computers, the cellular telephones, and increasingly new cordless
appliances and tools has made this need even more urgent. Conventional storage

batteries, like nickel-cadmium, have been improved in design and packaging in the recent
years, however, there is still a need for higher energy densities'1531.

The nickel/metal-hydride battery, also called the nickel/hydride battery or hydride/nic
oxide battery, uses hydrogen instead of cadmium as negative electrode materials'13,1 It
was introduced into the market in 1992. Most manufacturers were only testing the
market by supplying limited volumes to major customers to get their response
concerning the performance of the batteries and the acceptability of the new system"541
However, after only three years, nickel metal hydride (Ni-MH) batteries were
commercialised and developed for a variety of applications including the replacement of
Ni-Cd batteries for portable consumer use, aerospace and electric vehicles in 199511551
Many reasons promote the great development:

(1) The practical energy density is 1.5-2 times higher than that of an Ni-Cd battery,
i.e. 55-60 Wh/kg, 180-200 Wh/L'8'9'841;

(2) Ni-MH batteries use no cadmium or other toxic metals such as lead and
lithium'221. Cadmium is a toxic metal. This does not cause any problems as long
as the battery is in service. But it causes a disposal problem, because it is not
possible to prevent rundown batteries from being thrown into general rubbish

42

Chapter 2. Literature Review

tips. W h e n such waste is treated in incineration plants, the cadmium is vaporised
and may contaminate the environment. For this reason, a substitute for cadmium
is urgently sought'9'741331531;

(3) Different from Ni-Cd battery by having no memory effect'221. 'Memory effect' is
a vague description of a temporary loss of capacity. As far as it can be defined,
'Memory Effect' concerns the experience that a nickel/cadmium battery loses the

ability to deliver full capacity if it is utilised only partially for a prolonged period
of time. Extended storage periods as well as prolonged float-charging periods
may have a similar effect. In practice, each kind of temporary capacity loss is
often called 'memory effect'11561;

(4) No concentration change of the electrolytic solution occurs during chargedischarge processes because water is not produced or consumed'91;

(5) High tolerance to overcharge and overdischarge'74,

l57]

;

(6) Fast charge capability'1551;

(7) Exchangeable with Ni-Cd batteries'91. Substitution of Ni-Cd batteries for Ni-MH
batteries therefore requires no change to the design of appliances.

Figure 2-14 illustrates the functional relationship of the electrodes in a nickel-metal
hydride battery. Hydrogen stored in the negative hydride electrode (metal hydride)
combines with hydroxyl groups from the positive electrode (NiOOH, nickel
oxylhydroxide) through an alkaline solution.
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NEGATIVE

POSITIVE

Rechargeable
Energy Density > Ni-Cd
No Memory Effect
No Cadmium and Other Toxic Metals
High Tolerance to Over-Charge and OverDischarge
High Rate Capability
No Electrolyte Change

Nickel Metal Hydride Battery

Figure 2-14

Schematic diagram of a nickel-metal hydride battery. T h e positive
nickel oxide electrode is similar to that in a Ni-Cd battery.
Corrosion-resistant metal hydride bound within a conductive
matrix form the negative electrode.
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The basic reactions during charging and discharging processes are shown below11531:
charge
Positive Electrode:
Ni(OH> + O H "
2_> N i O O H + H2O + e
discharge
- — > Ni(OH> + O H
N i O O H + H2O + e
Overcharge. 40H" -> 2HiO + O2 + 4e~
Reversal 2H2O + 2e" -> Yb + 20H"

Negative Electrode:

charge
M + H2O + e"
=__> M H + O H
discharge
MH + OH
5_> M + rfcO + e"
Overcharge: 2H2O + O2 + 4e" -> 40H"
Reversal: H2 + 20H" -> 2H2O + 2e'
Overall
M H + NiOOH <

_
> M + Ni(OH) 2

M in the above equations represents hydrogen storage alloy.

2.3.3 Research and Development of Ni-MH Batteries

The introduction of LaNi5 type Ni-MH batteries into the market started in

the motivation of only a market testing. From 1995, this battery has bee

commercialised and developed for a variety of applications'1551. The other

MH batteries applying 'Ovonic alloys' based on vanadium, titanium, zircon

nickel have been developed by Ovonic Battery Co. Ltd. and is being comme

small portable electronic applications and electric vehicle propulsion'15

multicomponent alloys are based on ZrNi compound (AB type), but is sometime
refereed to as AB2 type, depending on their specific composition. As the

Ni-MH battery has been almost single-handedly developed by Ovonic Batter
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Ltd.1133' 153* 155' 1581, literature in details about this battery, in particular about alloy
compositions, is very limited. Furthermore, over the last two decades, it seems that
every battery company in the world has tried to develop Ni-MH batteries by working
almost exclusively on the LaNi5 type of alloy11551. Therefore, survey on the development
of Ni-MH batteries below is mainly concentrated on LaNi5 type

The performance characteristics of Ni-MH battery such as capacity, cycle life, rate
capability and self-discharge mainly depend on (1) alloy composition'82-

159 162)

"

and

crystallinity'1631, (2) the preparation methods of the MH electrodes'164"1681, (3) cell
construction features such as electrolytes'169"1871. Research and development of Ni-MH
batteries have been focused on the improvement of the cycling performance of the
hydrogen storage electrode in the electrolyte because the positive electrode for Ni-MH

batteries is the same as for Ni-Cd batteries. The methodologies involved for this purpos
can be classified as: development of multi-component hydriding alloys, surface

modification of alloy powders, electrolyte modifications and theoretical studies such as
the charge/discharge kinetics of the electrode.

2.3.3.1 Development of multi-component hydriding alloys for battery application

The composition of the metal hydride alloy is the greatest single design factor for cell
performance parameters such as pressure, rate, cycle life, low temperature and charge
retention. An important alloy selection criteria is the amount of hydrogen absorbed per
gram of alloy. However, hydrogen storage capacity is only one important factor. In the

selection of an alloy system and in particular the design of a specific alloy compositio
the following factors are also important'1551: thermodynamic properties, oxidation
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resistance, corrosion resistance, metallurgical properties, discharge kinetics, gas
recombination capability, manufacturability and cost

2.3.3.1.1 Elemental substitutions for lanthanum

LaNi5 system has been exclusively studied and exhibits excellent hydrogen storage
properties such as easy activation, low plateau pressure and a high hydrogen storage

capacity. Moreover, the properties are not sensitive to the stoichiometry of LaNi5 or to
the metallic and non-metallic impurities present in LaNi5[188]. However, the high cost of
lanthanum is a serious limitation to its commercialisation. For this reason, many
elemental substitutions for La such as Gd, Y, Er, Th, etc., have been carried out as
aforementioned. Nevertheless, these substitutions do not reduce or even increase the
cost for the preparation of the hydrogen storage alloys. The most important progress
which is critical for the commercialisation of Ni-MH batteries is the replacement of
lanthanum with mischmetal. Mischmetal (Mm) has been explored to replace lanthanum
which drastically reduces the cost of the alloy'188'

189

l It is a naturally occurring cheap

rare-earth metal mixture with a standard composition of 30 wt.% La, 50 wt.% Ce and
15 wt.% Nd'77]. It is of note that the compositions of the mischmetal used may be
different from each other, depending on the different sources. Some of the mischmetal
from different sources also contains Pr and Sm of different amount'861. MmNi5 possesses

a hexagonal crystal structure similar to that of LaNi5 and has a tendency to form stable
hydrides. However, it shows a very high activation pressure (12.16 MPa at 298K), a
high hydride formation pressure (3.06-6.08 MPa at 298K) and a large hysteresis between
the absorption and desorption pressure'1901. It was reported by Zhao et al that La-
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enriched alloys have a better electrochemical performance than Ce-enriched alloys in

respect to the discharge capacity, discharge overpotential and fast discharge ability11911
Another example of partial substitution for La was carried out by Sakai'821. Zirconium,
much cheaper than La, was used to partially replace Lanthanum up to 20 at.%. A
marked increase in cycle life was obtained with the addition of Zirconium. By increasing

the Zr content of the Lai.xZrxNi4.5Alo 5 (x = 0.1-0.2) anode, the cycle life and the charg
retention can be further improved, while the capacity decreased. The results were
explained based on the model that the addition of Zr renders the surface oxide film more

dense and protective, more effectively shielding the hydride from the attack of electrol
and preventing the diffusion of hydrogen from the bulk to the surface. Modifications
have also been made to MmNis, such as the partial replacement of Mm with Ca and
T.[188]

2.3.3.1.2 Elemental substitutions for nickel

To improve the performance of MmNi5 hydrogen storage electrodes, partial substitution
of Ni with Al'188'

192 1961

"

, Mn'77'86'88'1881, Co'69'1791 , Fe'77'

189]

, Cu'188], Si'921, Sn'86'

93)

and

B[197] have also been carried out. Although the modifications to MmNis have resulted in
easier activation, low hydride formation pressure and low hysteresis, the maximum
hydrogen storage capacity is limited by certain Ni substitutions. The maximum capacity
(H/M) in MmNi5 is typically around 0.6-0.8 in contrast with the maximum capacity of
unity attainable with LaNi5(1881. It has been reported that the substitution of Fe for Ni
results in a decrease in the hydrogen storage capacity1901. It should be noted that Fe
occurs as an impurity in mischmetal available from several sources in the world
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It was found'861 that partial substitution of Al for Ni in M m N i 5 lowers the hydride
formation pressure of MmNi5. Moreover, increasing the Al substitution leads to a

decrease in the plateau pressure at any fixed temperature It is also of note that ther
simultaneous decrease in the hydrogen storage capacity, i.e. the maximum H/M ratio,

with Al substitution. A study on the hydriding behaviour of iron-free MmNi5.xAIx alloys
indicated that Al additions lowered the plateau pressure and decreased the hydrogen

storage capacity'1881. A similar trend was also observed for MmNi5.xAlx alloys containing

1.12 wt.% Fe'1941. Substitution of Mn for Ni in MmNi5 is also very effective in lowering
the hydride formation pressure'86'188'1901. Al and Mn substitutions do not significantly
affect the hydrogen storage capacity, whereas Sn substitution for Ni was found

drastically reduces the capacity of the alloy, though it decreases the hydride formati
pressure. A simple geometric model was given by Balasubramaniam and co-workers'86'

to explain the plateau pressure decrease: The partial substitution of Ni with Al, Mn a
Sn results in an increase in the unit cell volume of MmNi5. The unit cell volume also
increases with increasing Al or Mn substitution. This expansion implies a larger

interstitial volume and, hence, a smaller distortion when hydrogen occupies an interst

site. As a consequence, the hydriding pressure is also lower for the system with a lar

unit cell'871. The plateau pressure is an indication of the stability of the hydrides o
MmNi5-xMx systems, a lower hydriding pressure indicates a more stable hydride'1981. A

similar explanation was used to describe the decrease in the partial molar enthalpy wi
Al, Mn and Sn substitution in the MmNi5.xMx system for the hydrogen solution

behaviour11991. However, the limitations of the geometric approach must also be borne in
mind. Firstly, all the interstitial sites in the MmNi5.xMx compounds were assumed to
have the same probability for hydrogen occupancy, whereas it is known that hydrogen
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occupies certain sites in LaNi 5 -type structures'

. Secondly, the enthalpy of hydriding

(and hence the stability) is affected by electronic effects'201'

202]

and these are not

considered in the simple geometric model.

Willems and Buschow1160'1611 have succeeded in obtaining alloys with much longer cycle
lives by substitution of cobalt for half of the nickel and addition of small amounts of
aluminium or silicon. The effect of cobalt is to decrease the volume expansion during
charging and the effect of aluminium or silicon is to form a more closed surface oxide
layer which would protect the inner hydride more effectively from oxidation.

Sakai reported the effects of titanium, silicon and aluminium on the performance of
cobalt containing MmNi5 electrode'891. It was concluded that addition of silicon
improves the cycle life, but the overpotential and self-discharge rate increased. The
addition of titanium greatly improved the cycle life, but causes a considerable decrease
storage capacity and low temperature dischargeability. The simultaneous addition of

titanium and aluminium in particular brings about a significant increase in overpotential
leading to a worse high-rate capability. The alloy containing aluminium or aluminium
and neodymium seemed to be suitable as anode material, having a wider temperature

range, higher capacity, longer cycle life, lower overpotential and higher charge retentio

Boron addition to the non-stoichiometric composition alloy electrodes was found to be

beneficial to the electrochemical capacity and the high rate discharge characteristics of

the electrode'1971. The existence of the second phase M111C04B is believed responsible for

the improvement in the discharge rate characteristics due to its electrochemical catalyti
effect.
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2.3.3.2 Surface microencapsulations of hydrogen storage alloy powder

Ni-MH batteries have many properties that are superior to Ni-Cd batteries such as high

energy density, no pollution and no memory effect, etc.. However, the capacity decay o

the metal hydride electrode should be overcome to increase the cycle life of the Ni-MH
batteries'201.

There are two causes for the capacity loss of the alloy which are'201: (i) oxidation of
alloy by the oxygen which is evolved on the nickel electrode, and (ii) disintegration

alloy related to the hydrogen absorption-desorption processes in the electrolytic solu

Markin et aP03'

204J

developed two methods to protect the alloy from oxidation: (i) Pt

black painting on the alloy electrode to facilitate the chemical recombination reactio
oxygen, and (ii) use of a carbon electrode which was connected to the alloy electrode
and was placed behind the nickel electrode for consuming oxygen electrochemically
Willems'1601 found that the LaNi5-related multicomponent alloy electrodes have much
longer cycle life than the LaNi5 and its ternary alloys. The alloy electrodes were

prepared by mixing the alloy with a large amount of fine copper powder (typical weight
ratio of alloy/Cu = 1/4) and constructed sealed Ni-MH batteries with long cycle life.
However, the use of a large amount of copper seems to be undesirable because of a
drastic lowering of the energy density of the battery.

Ishikawa and co-workers'205'

206]

discovered another way of alloy powder surface

modification from 1985 to 1986. LaNi5 type alloy powders were coated chemically with
Cu of approximately 1-2 urn thick by means of a conventional electroless plating
technique. The process was called microencapsulation of alloy powder. Electroless
plating was discovered by Brenner and Ridell in 1946[2071 and have been mainly applied
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to corrosion engineering1

J

. The process is to immerse the substrate to be coated into a

bath solution containing nickel (or copper) salt and a reducing agent, normally sodium
hypophosphite. The reaction is an auto-catalytic process and metal is deposited onto the
surface of the substrate. Ishikawa and co-workers'2051 co-operated with Okuno Chemical
Industries Co. Ltd. and demonstrated the feasibility of reducing the disintegration of
alloy powders by means of surface microencapsulation with electroless copper plating for

the first time. The coated metals (copper or nickel) were believed to play at least three

important roles'205'2061: (1) a barrier for protecting the alloy surface from oxygen, (2) a

microcurrent collector for facilitating the electrochemical reaction on the alloy surfac

and (3) a binder for preparing the electrode plate. In 1987, Sakai et. aP0] reported that
by surface microencapsulation of alloy powders with copper or nickel, the following

improvements were attained: (1) electrical and thermal conductivities of the alloy powder
increased remarkably, (2) oxygen resistance of the alloy surface was improved greatly,
(3) the electrode plate could be prepared easily from alloy powder because the coated
metal linked alloy particles together. The electrode fabricated with microencapsulated

alloy powder exhibits better charge-discharge characteristics, especially at high discha
rates and at low temperatures and have about a four times longer cycle life than the
electrode fabricated with bare alloy powder. In 1989, Sakai'841 reported a sealed battery
with high energy density (46 Wh/kg, 166 Wh/L) using the microencapsulated alloy. The
battery showed very good charge-discharge characteristics at high rates and low
temperatures along with a long cycle life. Sakai and co-workers reported again in
1991[9] that overcharging properties of the electrode can also be improved by alloy
powder microencapsulation. They concluded that during overcharging, oxygen is
evolved on the nickel electrode and then consumed rapidly on the MH electrode for an
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ideal sealed cell. T h e internal pressure of a sealed cell was greatly reduced by surface
coating of the alloy with copper or nickel because the charging efficiency of the alloy
was significantly improved. The kind of coated metal used had no influence on the
overcharging behaviour, suggesting that the active reaction sites exist on the alloy
surface. The coated metal could quickly supply electrons to the alloy surface, thus
facilitating the electrochemical reaction H20 + e" -> H + OH" . The hydrogen atoms
produced have the following two paths: (1) recombination to produce hydrogen gas and
(2) diffusion through the oxidised layer into the alloy to form the hydride. Surface

covering by copper or nickel could prevent the release of hydrogen gas, facilitating the
diffusion of hydrogen into the alloy, i.e. improving the charging efficiency. In 1993,
Matsuoka and co-workers'151 reported the comparison of the effects of various
microencapsulations ( Cu, Ni-B and Ni-P) on the performance of the electrodes. It was

shown that all the surface coatings are beneficial to the performance of the electrode i

respect to the discharge capacity as well as the high-rate capability due to the fact th
the coatings serve as a microcurrent collector. It was also found that a Ni-enriched
surface had a high catalytic activity'151

2.3.3.3 Influence of electrolyte on the performance of Ni-MH batteries

It is commonly known that the electrolyte used in the manufacturing and the relevant
researches of Ni-MH batteries is normally 6M KOH. There has been a new development

in constructing solid-state ( solid electrolyte) Ni-MH batteries in recent years which i
briefly described below
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A n interesting attempt was reported by Kuriyama 1 '

J

to construct solid-state N i - M H

battery using tetramethylammonium hydroxide pentahydrate (TMAOH5) as the solid

electrolyte in order to avoid leakage of the electrolyte. As was reported else where'
that tetramethylammonium hydroxide pentahydrate, (CH3)4NOH.5H20, has a high ion
conductivity. It was found that an all solid-state type Ni-MH battery employing

TMAOH5, a high proton conductor, as solid electrolyte is dischargeable at high curren
density. TMAOH5 has a three-dimensionally extended framework of hydrogen-bonded
water molecules and hydroxide ions in which tetramethylammonium cations are
included'1691. The framework melts at 343K, a macroscopic network of TMAOH5 can

be formed around particles of active material on an electrode when the melt of TMAOH5
is impregnated into the electrode and resolidified. When one employs TMAOH5 and this
impregnating technique, a more intimate interface between the electrolyte and active

material on an electrode is expected than in the case when the mixture of the compone
is pressed. Furthermore, the resistance resulting from the grain boundaries of the
electrolyte may be decreased. Therefore the combination of TMAOH5 and the

"impregnating technique" should improve the discharge performance of solid-state type
metal hydride batteries. It was proved'1701 that the NiOOH/MH and Mn02/MH batteries
were dischargeable even at 10 mA cm"2 and 2 mA cm"2, respectively. No appreciable
decrease in discharge capacity for both batteries was observed up to 200 cycles
However, the NiOOH/MH battery showed a sudden decrease in discharge capacity due
to overcharging of the positive electrode after 200 cycles. The "charge retention"

observed for the batteries is considered to be caused by a decrease in the density of
oxidised metal ions near the surface of active material particles on their positive
electrodes by diffusion of protons and conduction of electrons.
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2.3.3.4 Theoretical studies on Ni-MH batteries

Theoretical studies on Ni-MH batteries have been mainly concentrated on the

dehydriding kinetics of the negative electrodes'17'76'210"2151. For this purpose, several ne

techniques have been applied for the kinetic study of metal hydride electrodes in recent
years such as electrochemical impedance spectroscopy (EIS), neutron diffraction (ND),
X-ray absorption Spectroscopy (XAS) and electrochemical quartz crystal microbalance

Electrochemical impedance spectroscopy is a relatively new and powerful method of
characterising many of the electrochemical properties and their interfaces with
electronically conducting electrodes. It is an effective technique for analysing the

mechanisms for interfacial electrochemical reactions'2161. Kuriyama et or/.'217' have used
this method for investigating the degradation mechanism of metal hydride electrodes. In

their later work'2181, the activity of the alloy was also analysed by EIS. The kinetics o
the electrochemical hydriding/dehydriding reaction of an alloy electrode was shown to
depend on the reaction resistance at the alloy surface. Agarwal et al.'219' used a

mathematical model to analyse the results of the EIS studies on an LaNi5 ingot-electrode
Reid'2201 carried out impedance measurements on a spiral-wound nickel/metal hydride cell
for space applications. Zhang et. aP2^ conducted EIS experiments on metal hydride
electrodes to elucidate the mechanism of hydriding/dehydriding reactions and to
determine the usefulness of this technique to optimise the composition and structure of
these electrodes. It was concluded that the impedance of metal hydride electrodes is
mainly determined by the faradaic process in the low frequency region. The exchange
current, obtained using EIS and pseudo-steady-state techniques, are in agreement. The
charge-transfer resistance is practically independent of the state of discharge. It was
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concluded that there is a good correlation between the rate capability and the chargetransfer reaction rate at the alloy surface.

Neutron diffraction is in many ways similar to X-ray diffraction, but is also
complementary to the X-ray technique so that in some applications it yields information
not accessible using X-rays'2221. Neutron diffraction is, however, less familiar to
materials scientists than X-ray or electron diffraction, because the intense beams of

thermal neutrons required for the work are available only at large and expensive facilitie
such as research reactors or neutron spallation sources. Successes of neutron diffraction

include the elucidation of the crystal structures of high temperature superconductors, the
phase analyses of zirconia engineering ceramics, in-depth stress determination in
composites, successful determination of the structures of metal hydrides and the kinetics
of their formation'2221. Rupp'2231 investigated the structure of the oxygen-stabilised
Ti4Fe2Oo.4 phase by neutron diffraction. Neutron diffraction studies of the LaNi5-D
phase diagram have been performed on the Polaris powder diffractometer at ISIS1
The experiment was performed in situ, the interstitial deuterium concentration being
scanned by varying the pressure of deuterium gas around the sample. Phase boundaries
were defined, and accurate structural parameters determined, including those of the
interstitial deuterium. Other results were the elucidation of the microstructural
inhomegeneities of the two phase region, and measurement of the anisotropic strains.

X-ray Absorption spectroscopy (XAS) has the ability to probe in situ, both electronic
(from the x-ray absorption near-edge structure, XANES) and geometric parameters
(from the extended x-ray absorption fine structure, EXAFS) with element specificity
Mukerjee and co-workers[226] demonstrated that in situ XAS is a very useful tool for the
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study of complex metal hydride materials since it provides both electronic and structural
information. The element-specific nature of the probe makes it very useful for
elucidating the role of minor constituents and the corrosion of individual components
Their XAS studies on Lao.8Ceo.2Ni4.8Sno.2 show that the effect of substitution of Ni by

causes an increase in the lattice parameters primarily along the c-axis. This manifests
itself in a corresponding increase in the unit cell volume. Substitution of La by Ce,
however, causes a minor contraction in the cell volume. The XANES results at the Ni K

edge indicates that the alloying process results in hybridisation of the 4p and 3d orbi
of Ni. The addition of Sn and Ce apparently decreases the number of Ni d-band
vacancies. This could account for both the decreased hydrogen content and the reduced
plateau pressure. Both XANES and EXAFS confirm that about 6% of the Ni in
Lao.8Ceo.2Ni4.8Sno.2 corrodes after 25 cycles. Their XANES results at the Ce L3 edge
indicate that hydriding causes Ce to convert from an a- to a y-like state. Results on
cycled electrodes indicate corrosion of Ce with a predominance of Ce(III) in the
corrosion product. XAS technique was also applied by Pandya et. al'227' to investigate
changes in the structure of Ni(OH)2 as it was cycled as a nonsintered nickel oxide
electrode in concentrated alkali.

Quartz crystal microbalance (QCM) is an instrument which measures the resonant

frequency of a piezo-electric quartz crystal resonator as a function of added mass This

technique has recently been applied for the study of metal hydride electrodes'2281. Li an
Cheng'2281 studied the amorphous La-Ni thin film electrodes by using electrochemical
quartz crystal microbalance (EQCM). By using AT cut and BT cut quartz crystals
simultaneously, the stress in the film and the weight change on the crystals can be
quantitatively determined. The stress in the film contributes more than 80% of the
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absorption/desorption and oxidation/reduction of the electrodes can be monitored in situ
in the discharge and charge period during cycling. The oxide formed during the
discharge period can be partially reduced in the charge period

It is known from the brief review above that some new techniques have recently been

applied to the theoretical studies on metal hydride electrodes. However, it is of note t
most of the studies are concentrated to LaNi5 type metal hydride electrodes

2.4 Ti-Ni System Hydrogen Storage Alloy For Battery Applications

2.4.1 Preliminary Studies

As was aforementioned that the combination of high solubility for hydrogen and

relatively low molecular weight makes solid titanium hydride a potentially high hydrogen

density material'104"1061. Unfortunately, two reasons restrict its application as a hydrog
storage material in alkaline solution: (1) the dissociation pressure is too low11011, and
pure titanium is oxidised in alkaline electrolytes with the formation of irreducible

impermeable Ti02 (rutile) coating layers'1241. For these reasons, Justi and co-workers'1241

tried to combine the good catalytic and storing properties of nickel and titanium for fu
cell and accumulator electrodes. As the combination of Ni and Ti cannot be done simply

by mixing both metals and thus averaging their properties, they attempted to utilise the
intermetallic compounds of nickel and titanium. According to the phase diagram shown
in Figure 2-6, Ti and Ni form the intermetallic compounds Ti2Ni, TiNi, and TiNi3. As
the left side of Figure 2-6 shows, Ti2Ni forms an eutecticum with 15-Ti. Therefore, all
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alloys containing less than 33.3 at % Ni have finely dispersed Ti corroding in alkaline
solution and forming the above mentioned thick layer of irreducible T i 0 2

Therefore

selection of TiNi x alloy as a hydrogen storage alloy electrode is limited to the alloy with a
minimum Ni content of 33.3 at.%, corresponding to Ti2Ni'124]. O n the other hand, as is
k n o w n that nickel is used as a catalysts in TiNix system, it is not capable of hydrogen
storage. Therefore a m a x i m u m nickel content should also be considered. The m a x i m u m
nickel content used in Justi's work'1241 is 50 at.%. W a k a o and co-workers'1"21 provided
the theoretical capacity curve corresponding to the hydrides with the highest hydrogen
content, namely TiNi x H 2 5 as shown in Figure 2-15.

Figure 2-15

Theoretical capacity curve of TiNix hydrogen storage system
(Curve C)' 1 3 2 ]

As is shown in Figure 2-15 that the theoretical capacity of TiNix alloys, obtained by
solid-gas reaction, decreases with increasing Ni content.
The theoretical capacity decreases from 430 mAh/g to 250 mAh/g
corresponding to Ti2Ni and TiNi respectively. Therefore the ideal Ti-Ni
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hydrogen storage alloy is Ti 2 Ni in view of hydrogen storage capacity

Unfortunately, although a characteristic of Ti2Ni is its very high hydrogen storage
capacity, the maximum discharge capacity obtained is only 170 mAh/g which is about
40%) of its theoretical value'133'

134

l This suggests that one or more of the four hydride

phases is not dischargeable. For TiNiH, however, the discharge capacity is in good

agreement with the theoretical value'46'1341 which indicates a high reversibility of TiNiH.
Furthermore, it was found by Wakao'1251 that the decrease in the discharging capacity
was less with increasing x in TiNix (x = 0.5 - 1.0). It was stated that in general the

corrosion resistance for a TiNix electrode with a large value of x is better than that fo
electrode with a small value of x. The cycle life of Ti2Ni electrode was found much
shorter than that of the TiNi electrode. The capacity falls to 70% of its initial value
only 4 cycles when the electrode is discharged, even in dilute alkaline solution (0.5M
KOH)[132].

2.4.2 Problems Currently Existing in the Development of Ti2Ni Alloy for Ni-MH
Batteries

Since the discovery by Justi and co-workers'1241 that Ti-Ni alloy is capable of being used

as the negative electrode of the Ti-Ni-H2 fuel cell system, Ti-Ni alloys have been believ
to be another system available as the negative electrode for rechargeable Ni-MH
batteries'45"47'133]. The theoretical capacity of Ti2Ni is 430 mAh/g. This is higher than
that of the LaNi5 (370 mAh/g) at the limiting composition of LaNi5H6[46]. LaNi5 type NiMH batteries have already been extensively studied and commercialised. However
relatively little progress has been made with Ti2Ni, a promising material, towards its
practical application.
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From the review above it is known that Ti2Ni has a much higher hydrogen storage
capacity (430 mAh/g) than that of TiNi ( 250 mAh/g). Unfortunately, the reversible
discharge capacity is only 170 mAh/g and the cycle life is very short. Therefore two
main problems exist in the development of the Ti2Ni hydrogen storage alloy as the
negative electrode of Ni-MH batteries. These are (i) the practical discharge specific
capacity, and (ii) the cycle life.

2.5 Proposed Studies
The review presented above has shown that the two main problems currently existing in
the development of the Ti2Ni hydrogen storage alloy as the negative electrode of Ni-MH

batteries are reversible discharge capacity and the cycle life of the electrode. The re
has shown that some of the most promising areas of research on hydrogen storage alloy
electrodes are: 1) elemental substitution to facilitate the cycling performance of the

2) surface modifications such as electroless nickel/copper plating to increase the cycl

life of the electrode, and 3) mechanistic studies aimed at improve the understanding of
the processes of capacity loss and discharging. The proposed studies are therefore
focused on the following aspects:

(1) elemental substitutions;

(2) surface modification of alloy powder;

(3) mechanism of capacity loss, and

(4) preliminary studies on the kinetics of discharging process.
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3.1. Materials and Chemicals
3.1.1 Materials

All the materials used in the present work were supplied by Aldrich Chemical C
Pty. Limited. Details of materials are given in Table 3.1.

Table 3.1 Descriptions of materials supplied by Aldrich Chemical Co. Pty. Ltd.
Materials

Atomic Formula
and Weight

Purity

Catalogue
Number

Titanium

Ti (47.90)

99.7%

26,605-1

Nickel

Ni (58.71)

99.98%

35,756-1

Cobalt

C o (58.93)

99.9+%

35,705-7

Aluminium

Al (26.98)

99.9%

32,696-8

Platinum

Pt(195.1)

99.9%

26,722-8
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3.1.2 Chemicals

All the chemicals used in the present work were supplied by Sigma Chemical Company
Pty. Limited. Details of the chemicals are described in Table 3.2

The chemicals were used for pre-treatment and surface modification of alloy powders,

charge/discharge cycling of alloy electrodes, electrochemical characterisation of alloy
electrodes and in-situ neutron diffraction analysis.

Table 3.2 Descriptions of chemicals supplied by Sigma Chemical C o m p a n y
Product Name

Molecular Formula & Formula
Weight

Composition

Product
Number

Potassium Hydroxide

K O H (FW56.11)

KOH^85%,
K2CO3^2.0%

PI 767

Hydrochloric Acid

HC1 ( F W 36.46)

37%

25.814-8

P V A (polyvinyl
alcohol)

(Av. Mol. Wt 70,000-100,000)

99+%

P1763

Nickel Sulphate
hexahydrate

Ni 2 S0 4 6H 2 0 ( F W 262.8)

>99%

N4882

Sodium Hypophosphite
Hydrate

N a H 2 P 0 2 H 2 0 ( F W 106)

>99%

S5012

Sodium Hydroxide

N a O H (FW 40)

>97%

S0899

Propionic Acid

C 2 H 5 C0 2 H (FW 74.08)

99%

PI 386

>99.5%

C7254

Citric Acid, Trisodium
Salt

Na0 2 CCH 2 C(OH)(C0 2 Na)CH 2 C
0 2 N a 2 H 2 0 ( F W 294.1)

Acetic Acid, Sodium
Salt

CH 3 C0 2 Na (FW 84.05)

99 at%

28,2014

Thiourea

H 2 NCSNH 2 (FW76.12)

>99%

T7875

Ammonium Hydroxide

NH4OH (FW 35.05)

28.0-30.0% NH 3

A6899

Deuterium Oxide

D 2 0 (FW 20)

>99.96%

15.189-0

Hydrofluoric acid

H F ( F W 20.01)

99.99+%

33,926-1
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3.2 Experimental procedures

Titanium based hydrogen storage alloy electrodes are fabricated and characterised in the

present work. The whole experimental procedure is briefly illustrated in Figure

Alloy Melting

1

Electrode
Fabrication

Alloy
—
Grinding

Powder
Mixing

Particle Size
Analysis

Powder
Casting

Electrode
Pressing

I

Electrode
Characterisations

I

Ch arge/disch arge

I

I

Electrochemistry

L i l t

XRD

SEM

AES

Figure 3-1 A brief illustration of experimental procedures
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3.2.1 Alloy preparations

All the alloys used in the present work were prepared by vacuum arc melting and chill
casting in a copper hearth under argon protection. The whole system is illustrated

schematically in Figure 3-2. Care was taken to avoid any metal evaporation to ensure

that all the minor alloy constituents were melted within the ingots. Homogeneity was

ensured by repeated turning and melting of the alloy ingots 5 times ( melting both s
of the alloy ingot alternatively).

T o cooling system
-^

1

T o p o w e r source

T o v a c u u m system

Figure 3-2 Schematic of the v a c u u m arc melting system
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3.2.2 Electrode Fabrications

Electrodes of different alloy compositions are fabricated following procedures descr
below.

3.2.2,1 Alloy Grinding

The alloy ingots obtained were crushed using a model Mand-20 hydraulic pressing
machine, manufactured by Mand Instruments Pty. Ltd., UK, and ground into powders of
below 100 mesh using a Fritsch Planetary Mill ( Pulverisette 5 manufactured in
Germany). All the alloy ingots used in the present work were ground in a 80 ml agate

at a rotation speed of 200 rpm for 60 minutes. The particles were sieved to be within

range of 40 ~ 50 nm in size analysed by a Model Mastersizer S particle size analyser,
Model Mastersizer S, manufactured by Malvern Instruments Ltd, UK.

3.2.2.2 PVA Preparation

PVA ( polyvinyl alcohol) was used as the binder for the fabrication of the electrode

concentration of the binder is 10 wt% PVA in distilled water. It is made according to
following procedures. 1) Transfer PVA powder into distilled water according to the

nominal composition; 2) Heat the solution to boiling point and remain till the powder
dissolved and the solution changes to be an emulsion; 3) Cool the solution to normal
temperature and rest it for at least 2 hours. The PVA solution is now ready for use.

3.2.2.3 Powder Mixing

Alloy powder was mixed with PVA solution prepared at a ratio of 10:1 ( weight) and
stirred thoroughly to make it homogeneous. The mixture is now ready for the
subsequent step of electrode fabrication.
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3.2.2.4 Electrode fabrication

The mixture obtained above was then homogeneously pasted on to a foam-nickel sheet

of 2cm x 2cm x 0.2cm. The pasted sheet was then left drying in a fumehood for at least
12 hours. The dry sheet was consequently pressed using a hydraulic press machine
(Model Mand-20) at a pressure of 15 kN/cm2 for 2 minutes to form a hydrogen storage
electrode.

3.2.3 Charge/discharge of electrodes

3.2.3.1 Description of charge/discharge system

Charge/discharge cycles were carried out by using an automatic charge/discharge unit.
Model DEC-1 (manufactured by Dennies Electronic Co. Pty. Ltd Australia). Data was
acquired using a Macintosh Performer 800 computer coupled with a MacLab/8 Analog-

Digital Interface and MacLab version 3.3.5 software. The system is capable of switchi
between charge and discharge automatically according to the potentials set. The whole
charge/discharge system is schematically illustrated in Figure 3-3.

Electrochemical
Cell

DEC-1
Charge/discharge
controller

Analogdigital
Interface

Figure 3.3 Schematic of the charge/discharge system
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3.2.3.2 Charge/discharge procedures

All the electrodes in the present work were charged galvanostatically at a current dens
of 20 mA/g to gassing voltage, followed by a rest period of 30 minutes, and were then
discharged galvanostatically at a current density of 20 mA/g down to 0.70 V (vs 1 M
sodium hydroxide Hg/HgO reference electrode). The discharged electrodes were then
charged again after a rest period of 30 minutes. Nickel foil was employed as the
auxiliary electrode. The electrolyte used in the present work was 6M KOH aqueous
solution.

3.2.4 Electrochemical Characterisation of Electrodes

3.2.4.1 "Steady-State" Anodic Polarisation

One of the most important applications of the electrochemical "Steady-State"
potentiostatic anodic polarisation technique is to study the corrosion behaviour of an
electrode and to evaluate the anti-corrosion performance of materials In the present

work, it can be used to characterise the anodic behaviour of hydrogen storage alloys so
as to assess their cyclic performance. The potentiostat used in the present work is an
AMEL Model 553. The current and voltage ranges are 1A and 4V respectively

3.2.4.2 Electrochemical AC Impedance Analysis

Impedance spectroscopy (IS) is a powerful method of characterising many of the
electrical properties of materials and their interfaces with electronically conducting
electrodes. Its application in the mechanistic study of electrochemical processes has
expanded rapidly over the last two decades and has proved to be a powerful
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experimental method for the study of surface processes. It is applied in the present work
to study the discharge mechanism of the Ti2Ni type hydrogen storage alloy electrode

Impedance analysis was conducted using an EG&G PARC Model 6310 Electrochemical
Impedance Analyzer manufactured by Princeton Applied Research. The analyzer is
equipped with Model 398 software. The whole system applies an ac excitation to an
electrochemical system, measures the response of the system to the excitation, and
digitises and stores the resulting data for processing and display. The frequency of
excitation ranges from 50 uHz to 100 kHz.

3.2.5 Surface Modification of Alloy Powder

Surface modification of the alloy powder was conducted by applying the electroless

nickel plating technique. The coating (microencapsulation) of alloy powder was carrie

out in an alkaline solution. The deposition temperature was controlled by placing the
bath solution container in a Model F-10 JUL ABO water bath, manufactured by
JULABO, Germany, which is capable of automatic temperature control. The bath
solution was kept stirred during the entire deposition process. The whole
microencapsulation process is schematically shown in Figure 3-4.

The microencapsulated powder is stored to be used for the fabrication of electrodes.
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Figure 3-4 Schematic of surface microencapsulation process of alloy powder

The alloy powder was degreased in aceton for 30 mins. The degreased powder was then
immersed in 0.1 M HC1 for 20 seconds for activation. The actived powder was then
rinsed using distilled water and was subsequently dried in the air

3.2.6 Physical analysis

3.2.6.1 Scanning Electron Microscopy (SEM)

Morphologies of the Ti2Ni type hydrogen storage alloys before and after various
charge/discharge cycles were examined using a Leica Model Stereoscan 440 scanning
electron microscope manufactured in the UK. The instrument is fully automated and
software controlled (beam control, XYZ stage control, etc. ). It is equipped with a
secondary electron detector and backscattered electron detector. At the highest

magnification, the resolution is in the nanometers range. The instrument is also equip
with an Energy Dispersive Spectroscopy (EDS) accessory manufactured by Oxford
Instruments, UK, for X-ray micro-analysis. SEM and EDS examinations were carried
out at r o o m temperature under an accelerating voltage of 20 kV.
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3.2.6.2 X-Ray Diffraction (XRD)

Phase compositions of the Ti2Ni type hydrogen storage alloy electrodes before and after
various charge/discharge cycles were studied by using a Model PW1010 X-ray
diffractometer manufactured by Philips, Holland. The instrument operates at room
temperature, with 6-29 optics and is equipped with a 3 kW generator and various X-ray
tubes ( Cu, W, Mo, Cr and Co). The instrument is fully automated and operates in
conjunction with a comprehensive data base (ICDD, US). The 20 accuracy of the
instrument is ±0.015 degree. The system is interfaced with Sietronics XRD 122 and an
advanced TRACE version 3.0 software designed for graphical processing and
manipulation of XRD traces, or scans ( provided by Diffraction Technology Pty. Ltd )
The target material and filter were selected to be Cu (Kai=1.54 A) in the present work
The tube voltage and current were 40 kV and 20 mA respectively

3.2.6.3 Auger Electron Spectroscope (AES)

Auger Electron Spectroscopy(AES) analysis was conducted using Perkin-Elmer Phi
Model 550 XPS/Auger to investigate the elemental compositions and distributions within
the passivation layer formed on the surface of the electrode.

3.2.6.4 Neutron Diffraction

Diffraction methods, especially X-ray diffraction, are widely used in materials science
Neutron diffraction is in many ways similar to X-ray diffraction, but is also

complementary to the X-ray technique so that in some applications it yields information
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not accessible using X-rays. Neutron diffraction is, however, less familiar to materials
scientists than X-ray or electron diffraction, because the intense beams of thermal

neutrons required for the work are available only at large and expensive facilities, suc
research reactors or neutron spallation sources.

Successes of neutron diffraction include the elucidation of the crystal structures of h
temperature superconductor, the phase analyses of zirconia engineering ceramics, indepth stress determination in composites, and especially the successful determination of
the structures of metal hydrides and the kinetics of their formation.

The only source of thermal neutrons in Australia is the HTFAR research reactor, located
at the Lucas Heights Research Laboratories. The HIFAR reactor is a 10 MW enriched (
to 60%) uranium heavy-water moderated research reactor, with graphite reflector, which
produces a thermal neutron flux of 1014 ncm"V at the source end of the tubes through
which neutron are ported to the neutron scattering facilities. The thermal neutrons are
those in equilibrium with the moderator, which is at a temperature of about 320 K
There have a Maxwellian distribution with a peak at a neutron wavelength of about 0.11
nm, or energy about 70 meV. The neutron beam tubes are in the horizontal plane and
radial with respect to the reactor core.

The HTFAR research reactor currently services a range of neutron scattering instruments

which are used in a wide range of disciplines, e.g., physics, chemistry, materials scienc
engineering. Most of the materials science based research at HTFAR is performed on the
high resolution neutron powder diffractometer (HRPD) and the medium resolution
neutron powder diffractometer (MRPD). As MRPD is applied in the present work, the
following discussion will concentrate mainly on this instrument.
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A schematic of the M R P D is shown in Figure 3-5. A thermal neutron beam from the
reactor impinges on the monochromator 3.9m from the reactor core. The
monochromator consists of 8 germanium crystals with total height 809 mm, width 50

mm and thickness 10 mm. The crystals are mounted with the [110] crystal plane vertical
Rotations of the monochromator about its vertical axis allows selection of one of a

number of wavelengths in the range 0.1 to 0.5 nm, to be diffracted through an angle of

100° and directed to the sample. The monochromator also has adjustable tilt and vertic

focusing control. The collimation of the primary white neutron beam can be set at eith
0.25° or 0.5°. The monochromatic beam passes through a uranium fission neutron beam
monitor which samples ~1 in 104 incident neutrons, on the way to the sample 1.33 m
away. Because of variability in the reactor power and flux, counting is usually based
the number of incident neutrons according to the monitor rather than time. The sample
is mounted on the axis of a table which has two rotation stages, the co and 20 drives
486-PC computer controls the co and 20 drives and the sample temperature, and records
the diffraction data.

The materials, chemicals, alloy preparations, electrode fabrications and characterisat

methods were described above. It should be mentioned that some of the descriptions are

very brief as they will be described in more detail in corresponding chapters of the t
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Figure 3-5 Schematic of the m e d i u m resolution powder diffractometer ( M R P D )
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Chapter 4
Effects of Surface Microencapsulation on
the Performance of T^Ni Hydrogen Storage
Alloy Electrode

4.1 Introduction
The surface microencapsulation of hydrogen storage alloy powder is a process of coating
the alloy powder with nickel or copper by applying the conventional electroless plating
technique invented by Brenner and Ridell in 1946I207). Electroless plating is a process in
which metal ions in the bath solution are reduced and deposited on to the active surface
of a substrate by reducing reagent in the bath solution. Once the deposition starts, it
proceeds continuously because the process is auto-catalytic. O f all the electroless plating
processes, nickel plating has been the most studied and commonly used. The main salt
used for electroless nickel plating is usually nickel sulphate or nickel chloride and the
reducing reagent is sodium hypophosphite. There are several different mechanisms of
electroless plating such as atomic hydrogen theory1229' '30], hydride theory1

h

,

hydroxide theory12331 and electrochemical theory1234' 235]. H u and Luan [236] reported a
modified electrochemical theory including the adsorption of H 2 P 0 2 " by means of
electrochemical A C impedance analysis. All these theories have certain difficulties in
explaining some of the experimental observations but the electrochemical theory seems
to be more commonly accepted and is shown below:
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H 2 P0 2 - + H 2 0 -> H 2 P0 3 - + 2fT + 2e

Ni2+ + 2e ->Ni

2K + 2e -> H21

H2P02" + e -> P + 20H

It can be seen from the above mechanism that the coating obtained is not pure ni

Ni-P alloy. Ni-P coating has a high corrosion resistance and has been widely app
[205 237 2381

anti-corrosion engineering1

' ' .

The successful application of the electroless plating technique in the surface

microencapsulation of hydrogen storage alloy powder was firstly reported by Ishi

and co-workers[205] in 1985 which opened up a new era in the research and developme
of hydrogen storage materials. Subsequently, the surface microencapsulation of

hydrogen storage alloys has already proved to be effective as a means of improvi

following performance characteristics of LaNi5 type nickel/metal-hydride batterie

205,206,239]. CyCje JJ^. jjjgh-rate charge/discharge capability; capacity; and low-t

discharge capability. However, the process is usually carried out at temperature

general range of 60 to 90 °C. This manifests several inherent disadvantages when
compared with electroless plating at room temperature, namely:

(1) consumption of more energy for heating of the bath solution;

(2) waste of chemicals due to evaporation at higher temperatures which, in
turn, increases the cost of the surface modification process;
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(3) easy decomposition of electroless plating solution, especially for the
plating of powders: one of the most serious problems of the electroless
plating technique, and

(4) chemicals, some of them very toxic, on evaporation at the higher
temperatures create a possible environmental hazard and, thereby,
increase the safety precautions that must necessarily be undertaken by the
manufacturers.

These problems are effectively eliminated in low temperature plating, especially for th
surface microencapsulation of hydrogen storage alloy powders since they are highly
electrocatalytic.

It is of note, however, that the drawback of low temperature microencapsulation is its
lower deposition rate as compared with that of the microencapsulation process
conducted at a higher temperature.

So far, surface microencapsulation technique has mainly been applied to La-system
hydrogen storage alloys. Furthermore, there have been no low temperature
microencapsulation studies for titanium-based hydrogen storage alloy reported. Room
temperature microencapsulation of Ti2Ni hydrogen storage alloy was therefore

investigated for the first time via the performance of electrodes fabricated from surfa
modified alloy powder. The results are compared with the performance of both
electrodes fabricated from Ti2Ni powders microencapsulated at high temperature and
bare (non-microencapsulated) alloy electrodes.
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4.2

Microencapsulation of alloy powder

4.2.1 Alloy preparation

Ti2Ni alloy was made by using a vacuum arc furnace under argon protection. Care was
taken to avoid any metal evaporation and homogeneity was ensured by melting both
sides of the alloy ingot alternatively for 5 times. Detailed melting procedure was
described in 3.2.1.

Presented in Figure 4.1 is the X-ray diffraction (XRD) result of the alloy prepared The
XRD results confirmed that the alloy made was pure Ti2Ni

The Ti2Ni alloy obtained was crushed and ground into powder of below 100 mesh as was
described in detail in chapter 3. The fine powder was then microencapsulated by the
method described in detail below.

4.2.2 Determination of bath solution for microencapsulation

The composition of the bath solution is of paramount importance for the electroless
plating process. In order to apply this technique to the microencapsulation of hydrogen

storage alloy powder, it is essential to determine the composition of the bath solution.

Although both copper and nickel surface coatings are beneficial to the performance of
hydrogen storage electrodes, nickel coating was found to have a higher catalytic

activity1151. Furthermore, due to the fact that copper is heavier than nickel, coating th

alloy surface with copper will inevitably give rise to a decrease in the discharge energ

density of the hydrogen storage alloy electrode. Therefore, electroless nickel plating w
chosen for the surface microencapsulation of Ti2Ni alloy powder.
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Figure 4-1.

X-ray diffraction of Ti2Ni alloy before charge/discharge cycling
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The bath solution for electroless nickel plating is formed of the following main
components: (1) main salt ( nickel sulphate), the source of the coating, (2) reducing
reagent, normally sodium hypophosphite, which enables the deposition process and, (3)

other additives such as complexing reagents and stabiliser which facilitate the deposition
process. The general procedures for the preparation of bath solution is as follows:

(1) dissolve the main salt ( nickel sulphate) and reducing reagent (sodium
hypophosphite) into distilled water separately;

(2) adding the dissolved reducing reagent slowly into nickel sulphate solution
while stirring;

(3) adding other components to the solution while stirring;

(4) dilute the solution with distilled water to the required concentration;

(5) adjusting the pH value of the bath solution with ammonia water;

(6) resting the solution for about 12 hours

A reasonable deposition rate is essential for a practically acceptable microencapsulation

technique. However, it is not difficult to understand that the deposition rate of electro
plating conducted at low temperature is much slower than the rate at high temperature.
To apply low temperature electroless plating technique to the surface microencapsulation
of hydrogen storage alloy, a bath solution which enables the microencapsulation process
to proceed at a reasonably high deposition rate is therefore essential. It is well known
that temperature, solution pH and the concentration of reducing reagent (NaH2P02H20)
are the three main factors determining the deposition rate. Since the present work is to
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perform microencapsulation at room temperature (25 °C), only the influences of solution
pH and the concentration of sodium hypophosphite on the deposition process were
therefore studied. As the effects of additives such as stabiliser, complexing reagent,
have been extensively studied and are not the main concern of the present work, the
quantities of additives were determined from previous experience

The influences of the bath pH value and the concentration of sodium hypophosphite on
the deposition rate were carried out by performing deposition on the surface of iron foils
( 0.2 mm in thickness) of the same surface area ( 4.96 cm2) at 25 °C for 48 hours The
weight increase of each washer was measured and the deposition rate was calculated
according to the following formula:

Al = A W/sdt

wherein Al is the thickness increase of the coating per hour, AW is the weight increase, s

is the total surface area of substrate, d is the density of the coating (8.0 g/cm3) and t i
the total deposition time.

4.2.2.1 Influence of bath solution pH on the deposition rate

To study the influence of the pH value of bath solution on the deposition rate, the
composition of the bath solution is given in Table 4-1.

The effect of pH value of the plating bath solution on the deposition rate is shown in
Table 4-2. It can be seen that the deposition rate increases with increasing pH value and
reaches the highest deposition rate of 0.614 u/hr at a pH value of 7.80. The deposition
rate then decreases with a further increase of pH which is consistent with the observation
ofGutzeit12401.
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Table 4-1

Bath composition and deposition conditions for the study of p H
influence on the deposition rate
Nickel sulphate hexahydrate (Ni 2 S0 4 6 H 2 0 ) :
120 gl"1
Sodium hypophosphite hydrate ( N a H 2 P 0 2 H 2 0 ) :
Propionic acid ( C 2 H 5 C 0 2 H ) :

HOgl1

10 ml l"1

Citric acid, trisodium salt (Na0 2 CCH 2 C(OH)(C0 2 Na.2H 2 0): 75 g l"1
80 g l"1

Acetic acid, sodium salt (CH 3 C0 2 Na):
Thiourea ( H 2 N C S N H 2 ) :

10 m g l"1

p H : variable
Temperature: 25 °C

Table 4-2
Influence of p H value on the deposition rate at 25 "C
p H value of bath solution
Weight increase A W (g)
Deposition rate ( u/h)
( deposition for 48 hours)
5.50
0.032
0.168
6.50

0.045

0.236

7.00

0.057

0.299

7.50

0.083

0.436

7.80

0.117

0.614

8.00

0.069

0.362

8.50

0.000

0.000
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4.2.2.2 Influence of sodium hypophosphite concentration on the deposition rate

The composition of bath solution and the deposition conditions (pH and temperat

the study of reducing reagent concentration effect on deposition rate are given
4-3.
Table 4-3 Bath composition and deposition conditions for the study of the
influence of sodium hypophosphite concentration on the deposition rate
Nickel sulphate hexahydrate (Ni 2 S0 4 6H 2 0):
120 gf 1
Sodium hypophosphite hydrate ( N a H 2 P 0 2 H 2 0 ) :
Propionic acid ( C 2 H 5 C 0 2 H ) :

variable

10 ml l1

Citric acid, trisodium salt (Na0 2 CCH 2 C(OH)(C0 2 Na.2H 2 0): 75 g l1
Acetic acid, sodium salt (CH 3 C0 2 Na):
Thiourea ( H 2 N C S N H 2 ) :

80 g l"1

10 m g f1

pH: 7.5
Temperature: 25 °C

The effect of sodium hypophosphite concentration on the deposition rate is shown in

Table 4-4. As can be seen the deposition rate increases drastically with increa

sodium hypophosphite concentration from 50 g/1 to 90 g/1. However, with a furthe

increase of sodium hypophosphite concentration of up to 150 g/1, the deposition

does not change significantly. Moreover, a slight decrease of deposition rate i

observed when the sodium hypophosphite concentration becomes higher than 110 g/1

This indicates that when the concentration of sodium hypophosphite reaches a ce

level, the deposition rate maintains at a relatively constant value which is no

the limit deposition rate. It is shown in Table 4-4 that a maximum deposition r
obtained at a sodium hypophosphite concentration of 110 g/1.
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Table 4-4
Effect of sodium hypophosphite concentration on the deposition rate
Concentration of sodium
Weight increase A W (g)
Deposition rate ( u/h)
hypophosphite (g/1)
( deposition for 48 hours)
50
0.019
0.100

70

0.051

0.268

90

0.082

0.431

110

0.087

0.457

130

0.082

0.431

150

0.078

0.410

4.2.2.3 Optimisation of the bath solution a n d deposition conditions

By combining the results shown in Tables 4-2 and 4-4, the optimal composition of bat
solution and the deposition conditions were determined and shown in Table 4-5. The

deposition rate, 0.614 u/hr, is very low but is acceptable since the thickness of co

required is normally about 2 u,m for the microencapsulation of hydrogen storage allo

The bath solution and deposition conditions determined were applied for the study o
microencapsulation effects on Ti2Ni hydrogen storage alloy electrodes in the present
work.
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Table 4-5
Composition of bath solution and deposition
microencapsulation of hydrogen storage alloy powder
I Nickel sulphate hexahydrate (Ni2S046H20): 120 g l"1 ~

conditions for

Sodium hypophosphite hydrate (NaH2P02 H20): 110 g 1"1
Propionic acid (C2H5C02H): 10 ml l"1
Citric acid, trisodium salt (Na02CCH2C(OH)(C02Na.2H20): 75 g l"1
Acetic acid, sodium salt (CH3C02Na): 80 g l"1
Thiourea (H2NCSNH2): 10 mg Y1
pH: 7.8
Temperature: 25 °C

4.2.3

Pre-treatment of alloy powder

In order to facilitate the deposition process and the adhesion between the coating

substrate (surface of alloy powder), an active substrate surface is essential. Ther

the Ti2Ni alloy powder was treated (activated) prior to the microencapsulation step

metallic surface, activation is a process to dissolve the superficial passive layer
oxide, so as to obtain a fresh metallic surface. Electroless deposition will then
continuously take place on the fresh surface exposed to the bath solution since the
j * *„1 .*• [207, 208,236-238,240]

deposition process is auto-catalytic1

.

In the present work, the alloy powder was cleaned with ethanol and was consequently
soaked in a 10 wt.% HC1 solution for about 30 seconds. The powder was then washed
with distilled water.
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4.2.4 Coating of alloy powder

As is well known the cycle life of pure Ti2Ni hydrogen storage alloy electrode is rather

short[132]. In order to increase the cycle life, small amounts of substituent elements mu
be added to the Ti2Ni alloy. Nevertheless, since this study is concerned with the
possibility of a room-temperature microencapsulation technique for hydrogen storage
alloys, undoped Ti2Ni alloy was used in order to simplify the examination of roomtemperature microencapsulation effects.

Bath solution for microencapsulation of Ti2Ni alloy powder was made according to the
composition shown in Table 4-5. Temperature was controlled by placing the plating bath
with bath solution into a JULABO F10 water bath. Accuracy of temperature reading
was ensured by internal thermometer monitoring. The bath solution was kept stirred
during the entire microencapsulation process to ensure the homogeneity of coating. The
temperature of the bath solution was maintained at 25 °C for room temperature
microencapsulation. To evaluate the effect of temperature on the microencapsulation
process, Ti2Ni alloy was also microencapsulated at high temperature (80 °C) for
comparison. It is of note that the deposition rate measured at 80 °C is 18.6[i/h which
much higher than that of 0.614 u/h at 25 °C. In order to obtain the same thickness of
2.5 u of the microencapsulation layers, microencapsulations of alloy powder were
performed for 245 mins and 8 mins at 25 °C and 80 °C, respectively.

The microencapsulated alloy powder was washed with distilled water and was
consequently dried at room temperature.
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4.3 Characterisation of microencapsulation effect
4.3.1 Electrode fabrication

The alloy powders ( bare Ti2Ni, room temperature microencapsulated and high
temperature microencapsulated Ti2Ni) were mixed separately with PVA solution at a
ratio of 10 : 1. Each of the mixed powders was then cast on to a foam nickel sheet to
form a hydrogen storage alloy electrode. The electrodes fabricated were then
characterised by charge/discharge cycling as was described in detail in chapter 3

4.3.2 Discharge capability

The Ti2Ni electrodes with different treatment were discharged galvanostatically at a
current density of 20 mA/g in 6M KOH solution. The discharge performance of these
electrodes are presented in Figure 4-2.

It can be seen from Figure 4-2 that electrodes fabricated from bare Ti2Ni powder are

incapable of being further discharged after 3 deep cycles in a strong alkali solution (
KOH). By contrast, the electrodes fabricated from Ti2Ni powder microencapsulated
with Ni-P at room temperature can be discharged for up to 9 cycles. The electrodes
fabricated from Ti2Ni powder microencapsulated with Ni-P coating at 80 °C can also be

discharged for up to 6 deep cycles. These demonstrate a significant beneficial effect o
the alloy surface modification on electrode performance.
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Performance of Ti2Ni electrodes with different treatment discharged
at a current density of 20 m A g"1 in 6 M K O H solution.
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A s is well k n o w n , there are t w o reasons for the failure of hydrogen storage electrodes,
namely, oxidation and disintegration. The results presented in Figure 4-2 show the
mitigating effect of Ni-P microencapsulation of Ti2Ni powders on these process. This
may be because the coating reduces the oxidation and disintegration of the internal alloy
Moreover, it is readily apparent in Figure 4-2 that the discharge performance of the room
temperature microencapsulated alloy is greatly improved over that for an alloy prepared
at high temperature. This indicates an even further elimination of the oxidation and the
disintegration of alloy powder.

4.3.3 Capacity decay

The results given in Figure 4-2 show clearly that the initial specific capacity of electr
fabricated from microencapsulated powder is greater than the capacity of electrodes
made from uncoated powders. In the studies of the surface modification of lanthanum
and mischmetal based alloys, Iwakura and co-workers found that electroless Ni-P
deposits on the surface of hydrogen storage alloy probably served as a micro-current
collector and a barrier for protecting the alloy surface from oxygen and, thus improving
the utilisation efficiency of the active material120'205'206]. That is, the capacity of the
electrode is increased. The capacity of titanium-based alloys might be increased in the
same way.

The capacity decay of the electrodes with different treatments are also shown in Figure
4-2. As mentioned above, the cycle life of titanium-based hydrogen storage alloy

electrodes is short. This is a direct indication of the rapid decay of electrode capacity.
The graph shows that capacity decay of electrodes fabricated from coated powder
89

Chapter 4 Effects of surface microencapsulation on the performance of Ti2Ni hydrogen storage alloy electrode

proceeds m o r e slowly than that of electrodes produced from uncoated powders. The
room-temperature coated electrodes exhibit by far the least decay in capacity

It is interesting to note that the three capacity-decay curves overlap each other during
first two discharge cycles (Fig. 4-2). The capacity decay of Ti2Ni electrodes may be
attributed to the following two factors. The XRD curve (Figure 4-3) reveals the coexistence of two new phases after the charge/discharge cycles, namely, the formation of
the low hydrogen content hydride phase, (Ti2NiHo 5) and (Ti2Ni)20. This suggests that
the Ti2NiHo.5 phase may not be reversibly discharged. In the early cycles, the formation
of the low hydrogen content hydride, Ti2NiHo.5, dominates the decay in capacity As the
formation of Ti2NiHo.5 is internal and independent of surface microencapsulation, the
three curves overlap each other. After this period, oxidation of the Ti2Ni phase
dominates the capacity decay process, and (Ti2Ni)20 is formed on the powder surface
This possibly explains the subsequent sharp drop in the uncoated alloy capacity in
comparison with the much slower capacity reduction displayed by the coated alloys. The
fact that the capacity decay of the low temperature microencapsulated alloy is much
slower than that of its high temperature counterpart suggests that low temperature
microencapsulation creates a more condensed coating with lower porosity and, thereby,
provides the alloy with better protection from oxidation.
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X-ray diffraction pattern of the Ti 2 Ni alloy after charge/discharge
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4.3.4

Surface morphology

As reported by many authors, the cycle life of negative electrodes is critically dependent
on surface morphology1241'2421. In order to clarify the effects of surface
microencapsulation, surface morphology was examined by scanning electron microscopy
(SEM), as shown in Figure 4-4 through Figure 4-6. It can be seen that the Ti2Ni
powders are covered with electroless Ni-P deposits that have a spherical shape ( cf, Fig
4-5 (a), Fig.4- 6 (a) with Fig. 4-4 (a)).

The uncoated powder suffers serious disintegration after 3 cycles (cf, (a) with (b), Fig.
4-4). By contrast, after 6 cycles, the powder microencapsulated at 80 °C shows only
partial disintegration ( cf, (a) and (b) in Fig. 4-5), whilst the powder coated at room
temperature exhibits cracks that are indicative of the disintegration process only at its

very initial stage (cf, (a) and (b), Fig.4-6). It is of note that the deposit with a spher
shape disappears after cycling which may be attributed to its very small thickness

The SEM observations prove that disintegration of the powder is undoubtedly a
contributor to the loss of hydrogen storage ability and, consequently, failure of the
hydrogen storage electrodes. Further indicated is the fact that a general electroless

nickel plating deposit is effective for the reducing of alloy disintegration, and will thu
increase alloy cycle life. As mentioned above, the powder coated at room temperature
was, after 6 cycles, only at the very beginning of the disintegration process. This
demonstrates that the low temperature microencapsulation technique, as presented here,
is more effective than high temperature process.
Ni-P coating is not observed after cyclying which may be attributed to its corrosion in
6M KOH solution.
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(a)
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(b)

Figure 4-4

Electron micrographs of Ti 2 Ni alloy powders: (a) without coating
before charge/discharge cycling; (b) without coating after three
cycles
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10 p
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(b)

Figure 4-5

Electron micrographs of Ti2Ni alloy powders: (a) coated at 80 °C
before charge/discharge cycling; (b) coated at 80 °C after 6 cycles
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Electron micrographs of Ti2Ni alloy powders: (a) coated at 25 °C
before charge/discharge cycling; (b) coated at 25 °C after 6 cycles
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4.4 Summary

From the results and discussion given above, it can be concluded that:

1. The performance (i.e., cycle specific capacity and capacity decay) of Ti2Ni
hydrogen storage alloy powder microencapsulated at room temperature is far
superior to that of Ti2Ni alloy powders that are either uncoated or coated at
higher temperature.

2. In addition to the two existing reasons responsible to the capacity decay
(oxidation and disintegration of alloy powder), formation of the irreversible
Ti2NiH0.5 phase may be another cause for the early capacity decay of Ti2Ni
hydrogen storage alloy electrode.
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Chapter 5
Mechanism of Early Capacity Loss of Ti2Ni
Hydrogen Storage Alloy Electrode

5.1 Introduction

Oxidation and disintegration are believed to be prominent factors that are associated wit
the capacity loss of hydrogen storage alloys w h e n subjected to charge/discharge
cycles120'161'239'243"2441. A n interesting phenomenon described in Chapter 4 is the overlap in
the first t w o cycles

of the discharge curves of electrodes that are fabricated from

uncoated Ti 2 Ni alloy powder and Ti2Ni powder coated at room temperature and at 80 °C
( Figure 4-2). This indicates the presence of a further contributing factor to the capacity
loss that occurs during the early charge/discharge cycles of Ti2Ni hydrogen storage
alloys. A s is well known, four hydride phases of Ti2Ni alloys exist, namely: Ti 2 NiHo 5,
Ti 2 NiH, Ti 2 NiH 2 and Ti 2 NiH 2 5 . T h e Ti 2 NiH 2 5 hydride phase has the highest hydrogen
storage capacity while the Ti2NiHo.5 hydride phase has the lowest. Furthermore, the
Ti2NiHo.5 hydride phase w a s found in the spent Ti 2 Ni electrode in the previous work
described in Chapter 4. Consequently, the formation and accumulation of Ti 2 NiHo 5
phase during charge/discharge process m a y be another factor that is linked directly with
capacity loss. T o confirm this, an X-ray diffraction ( X R D ) technique w a s used to
analyse systematically the phases that are formed at each stage during thefirsttwo
charge/discharge cycles.
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5.2 Experimental Procedures
Ti2Ni alloy was made and the electrodes were fabricated according to the procedures
described in 3.2.1 and 3.2.2 respectively.

The electrode was both charged (to gassing voltage) and deep-discharged (to -0.7
versus Hg/HgO reference electrode) galvanostatically at a current density of 20

in a 6 M KOH aqueous solution. At each stage of being charged and discharged, the
electrode was analysed by XRD and performed on a Philips PW1010 diffractometer

The procedure was then repeated to obtain XRD analysis for a second charge/disch
cycle.

The overall experimental procedure is illustrated briefly in Figure 5-1

Original Alloy Electrode

I

X-Ray Analysis
First Charge

I
I

X-Ray Analysis

X-Ray Analysis

Second Discharge

First Discharge

X-Ray Analysis

I
I
I

I

X - R a y Analysis

Second Charge

J
Figure 5-1

Schematic of experimental procedures
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Results and Discussion

XRD data are summarised in Table 5-1 through Table 5-5. The corresponding patterns
are shown in Figure 5-2 through Figure 5-6. The results are summarised as follows:

(i) The original electrode fabricated from the hydrogen storage alloy is composed of
Ti2Ni, see Table 5-1 and Figure 5-2.

(ii) After the first charge, there is clear evidence of the development of two phases,
Ti2NiH and Ti2NiHo.5; see Table 5-2 and Figure 5-3;

(iii) Ti2MHo.5 and Ti2Ni co-exist after the first discharge; see Table 5-3 and Figure 5-4

(iv) Three phases, i.e., Ti2NiHo.5, Ti2NiH and Ti2Ni, co-exist after the second charge;
see Table 5-4 and Figure 5-5.

(v) Ti2NiHo.5 exists together with a new phase, (Ti2Ni)20, after the second discharge;
see Table 5-5 and Figure 5-6.

In summary, the findings show that two titanium nickel hydride phases exist when Ti2Ni
is charged, namely, Ti2NiHo.5 and Ti2NiH. After being discharged ( see Figure 5-4),
Ti2NiH is transformed reversibly into Ti2Ni but the Ti2NiHo.5 hydride phase still remains.
This indicates that Ti2NiHo.5 cannot be charged and discharged reversibly and, therefore,
does not contribute to the discharge capacity of the electrode. It would appear that the
part of the Ti2Ni hydrogen storage alloy that forms the Ti2NiHo
reversible charge/discharge performance.
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X-ray diffraction data for
(corresponding to Figure 5-2)

Phase
d-space (measured)
d-space
from
J C P D S * standard
corresponding ( h k 1)

Ti 2 Ni

electrodes

before

cycling

Ti2Ni
3.26

2.59

2.30

2.17

2.00

1.91

1.89

1.63

3.26

2.59

2.30

2.17

1.99

1.91

188

1.63

222

331

422

511

440

531

600

444

* JCPDS International Centre for Diffraction Data 1977 (formerly Joint Committee on
Powder Diffraction Standards)

Table 5-1 (continued)
Phase
d-space (measured)
d-space
from
J C P D S * standard
corresponding ( h k 1)

Ti2Ni
1.58

1.47

1.33

1.31

1.24

1.14

111

1.09

1.58

1.47

1.33

1.30

1.24

1.13

111

1.09

711

731

660

751

911

933

862

951
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Table 5-2
phases
d-space
(measured)
d-space from
JCPDS
Standard
corresponding
(hkl)

Table 5-3
phases
d-space
(measured)
d-space from
JCPDS
standard
corresponding
(hkl)

Mechanism of early capacity loss of Ti2Ni hydrogen storage allov electrode

X-ray diffraction data for Ti 2 Ni electrodes after the first charge
(corresponding to Figure 5-3)
Ti2NiH„.j

Ti2NiH

2.34

2.21

2.03

1.52

1.35

1.12

2.71

2.34

2.21

2.03

1.53

1.35

1.13

2.71

2.41

2.27

422

333

440

642

660

862

331

422

333

2.40

2.26

2.08

1.95

137

2.07

1.96

137

440

600

555

X-ray diffraction data for Ti 2 Ni electrodes after the first discharge
(corresponding to Figure 5-4)
Ti2Ni

Ti2NiH„_<

3.26

2.59

2.30

2.17

2.04

1.91

1.47

3.31

2.35

2.22

2.04

1.33

1.13

3.26

2.59

2.30

2.17

2.03

1.91

1.47

3.32

2.34

2.21

2.03

1.35

1.13

222

331

422

511

440

600

731

222

422

440

660

862
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X-ray diffraction data for Ti 2 Ni electrodes after the second charge
(corresponding to Figure 5-5)

phases
d-space (measured)

TfeNiHoj
3.33

2.34

2.22

2.03

1.91

1.66

1.51

1.34

1.13

1.20

d-space from JCPDS
standard

3.32

2.34

2.21

2.04

1.91

1.66

1.53

1.35

1.13

1.20

corresponding (h k 1)

222

422

333

440

600

444

642

660

862

931

Table 5-4 (continued)
phases
d-space (measured)

Ti2NiH

Ti2Ni

2.28

2.07

1.24

3.27

2 31

2.18

2.00

1.89

d-space from JCPDS
standard

2.27

2.07

1.24

3.26

2.30

2.17

1.99

1.89

corresponding (h k 1)

333

440

931

2.22

422

511

440

600

Table 5-5
phases
d-space
(measured)
d-space from
JCPDS
standard
corresponding
(hkl)

X-ray diffraction data for Ti 2 Ni electrodes after the second discharge
(corresponding to Figure 5-6)
(TfeNifcO

Ti2NiH0.5
2.63

2.33

2.22

2.03

1.91

1.34

2.31

2.18

2.00

1.41

1.39

1.34

2.63

2.34

2.21

2.03

1.91

1.35

2.31

2.18

2.00

1.41

1.38

1.34

331

422

333

440

600

660

422

333

440

800

733

660
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Figure 5-2 X-ray diffraction pattern for Ti2Ni electrodes before charge/discharge
cycling
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Figure 5-3

X-ray diffraction pattern for Ti 2 Ni electrodes after the first charge
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Figure 5-4

X-ray diffraction pattern for Ti 2 Ni electrodes after thefirstdischarge
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Figure 5-5

X-ray diffraction pattern for Ti2Ni electrodes after the second charge
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X-ray diffraction pattern for Ti2Ni electrodes after the second
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W h e n the electrode undergoes a second charge, the Ti2NiHo.5 phase is still present It is
reasonable that an additional amount of Ti2NiHo.5 hydride phase is formed from Ti2Ni, as
can be qualitatively shown by comparing Figure 5-5 with Figure 5-3 This reaction
during the second charging process thus gives rise to an accumulation of the Ti2NiHo

5

hydride phase. The Ti2NiH phase is again formed from the hydriding of Ti2Ni during the
second charging process. This time, however, some Ti2Ni remains and may be attributed
to the now partly disintegrated Ti2Ni powder losing its hydrogen storage ability and thus
becoming incapable of being hydrided during the second charging process1244' After the

second discharge ( see Figure 5-6), it can be seen that the Ti2NiHo 5 phase is still presen
and that the Ti2Ni (both disintegrated and dehydrided from Ti2NiH) has been oxidised to
become (Ti2Ni)20. This is consistent with the capacity of the third discharge ( see Figure
5-5) which drops to an almost negligible level.

The results and discussion above clearly indicate that the produced Ti2NiHo.5 hydride
phase cannot be reversibly charged and discharged and, thus, will accumulate inside the
hydrogen storage alloy to cause significant capacity loss during the early
charge/discharge cycles. The capacity decay process of Ti2Ni hydrogen storage alloys is
illustrated schematically in Figure 5-7.
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Schematic of capacity decay in Ti 2 Ni hydrogen storage alloy
electrodes
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The mechanism outlined above facilitates the explanation of the capacity decay curves of
the electrodes fabricated from uncoated Ti2Ni alloy powder and Ti2Ni alloy powder
coated at high temperature (80 °C) and at room temperature (see Figure 4-2). In the first
two cycles, the formation and accumulation of the Ti2NiHo.5 hydride phase determine the
capacity loss. This is because the process is irreversible and thus makes no contribution
to the discharge capacity of the Ti2Ni hydrogen storage alloy. Furthermore, the
formation and accumulation of the Ti2NiHo.5 hydride phase are internal and, therefore,
are independent of surface microencapsulations. Accordingly, the three curves overlap
each other during the first two cycles, as shown in Figure 4-2. After this period,
formation of the Ti2NiHo.5 hydride phase is possibly saturated and oxidation of the Ti2Ni
phase dominates the capacity decay process, to form (Ti2Ni)20 on the powder surface
Because microencapsulation greatly increases the oxidation resistance of the alloy
powder, the microencapsulated alloy maintains its capacity to a greater degree than the
uncoated alloy, as indicated in Figure 4-2. The fact that the capacity decay of the low
temperature microencapsulated alloy is significantly slower than that of the high
temperature counterpart might be due to the former alloy having a more condensed
coating with lower porosity and consequently, better protection against oxidation.

The Ti2NiHo.5 hydride phase formed in the early cycles occupies some of the Ti2Ni
hydrogen storage alloy powder, but makes no contribution toward the discharge capacity
of the alloy. That is to say, the amount of Ti2Ni hydrogen storage alloy that forms the
irreversible Ti2NiHo.5 hydride phase loses its discharge ability thus giving rise to a
capacity loss. Therefore, formation of Ti2NiHo.5 hydride phase is believed to be another
reason responsible for the early capacity loss of Ti2Ni hydrogen storage alloy electrode,
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in addition to the commonly known mechanisms, namely: oxidation and disintegration of
alloy powder.

5.4 Summary

1. The formation of Ti2NiHo.5 hydride phase is observed inside Ti2Ni hydrogen
storage alloys during early cycles. Once formed, the compound cannot be
reversibly charged and discharged. Therefore, it provides no contribution to the
discharge capacity of Ti2Ni electrodes.

2. Ti2NiHo.5 formation and accumulation dominate the capacity loss during early
cycles, while oxidation and disintegration of the Ti2Ni powder become the
determining factors during later cycles.
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Chapter 6
Elemental Substitutions of T^Ni Hydrogen
Storage Alloy Electrodes
6-1 Introduction
Selection and preparation of the hydrogen-absorbing alloy are most important, because
its structure and the distribution of the alloying elements are decisive for capacity and
service life11541. Elemental substitution of LaNi5 hydrogen storage alloys have been
extensively studied as was described in chapter 2. However, relatively few reports on
the elemental substitutions of Ti2Ni hydrogen storage alloys can be found112
Furthermore, these reports concentrate only on the partial substitution of titanium

Wakao et alll25] investigated the charge/discharge performance of Ti(i.y)ZryNix electrodes
and found that the discharge capacities decreased with increasing Y. This was
considered to result from the inferior activity for hydrogen discharging of the Zr2Ni or
ZrNi hydride phase formed in the alloy. However, for Ti0.2Zr0 8Nix and ZrNix electrodes,
the capacities increased abruptly when X became greater than unity. This capacity
increase is believed to be attributed to the existence of a Zr7Nii0H17 phase which was
confirmed by X-ray analysis. It was revealed that Tio.5Zr0.5Nii.o, Tio.2Zro.sNi1.25 and
ZrNii.45 electrodes have good characteristics. An earlier report of Wakao and coworkers11321 revealed that the zirconium-substituted alloy electrode generally had a larger
capacity and a better corrosion resistance than the TiNix electrode. It was believed that
the stable passive oxide film formed on the surface protected the underlying metal from
oxidation. Zirconium substitution helps in the formation of this film, but sometimes
112
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inhibits hydrogen discharge. However, it was also found that excess zirconium

substitution inhibits the activation of the electrode and results in a marked reduction in
the charging and discharging capacities. This was explained in terms of the formation of
a strong passive film and subsequent marked inhibition of hydrogen transfer.

The Ovonic Battery Company has made many studies of the composition of Ti-Ni
hydrogen storage alloy electrodes1153'1581. The first generation of Ovonic hydrides were
based on titanium-nickel system. After scanning through the entire range of
compositions in this system, the composition giving maximum specific capacity was
chosen to be Ti6oNi40 (atomic percent). Although good capacities were obtained up to
reasonably high current densities the rate capability still left much to be desired Cycle
life of these electrodes was also relatively poor. Failure analysis of the electrodes
revealed that the electrodes suffered from the formation of a passive layer of Ti02 on
exposure to electrolyte especially during oxygen recombination. Delamination of the
electrode material from the grid substrate was also revealed to be responsible for the

failure of the electrodes. The next generation of cells were made with an alloy of nickel,
titanium and vanadium with a composition of Ti33V53Nii4. This alloy has a high specific
capacity (350 to 380 mAh/g at 50 mA/g rate). Its high rate and low temperature
capabilities were good. However this alloy was found to be not so resistant to corrosion
in 30% KOH solution as revealed by using cyclic voltammetry as a scanning technique
Among the elements in this alloy only vanadium was capable of any dissolution. The

corrosion increased the surface area and hence rate properties but also increased the self
discharge performance. There were two approaches taken to solve the problem. One
was to use a corrosion prevention coating which would at the same time not be a barrier
to hydrogen permeation. The possibility of using such a technique was proved but not
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without some trade-offs in rate capability, cost, etc. Silver, nickel and copper were tri
as possible coating materials, the choice having been made as a compromise between the
catalytic properties of the coating, its stability in KOH, ease of plating, hydrogen
permeability and thickness needed to give full protection; The second approach was to

use metallic additives to the alloy to reduce corrosion without affecting other propertie
The new material made by Ovonic contained chromium ( Tii7V53Cri6Nii4 ) to further
reduce the content of titanium. The purpose of this alloy modification was to assist the
formation of protective mixed oxide layers during idling periods. However the presence
of the oxide film caused a certain amount of inefficiency in the charging process leading
to the development of excessive pressures especially in the initial stages. This pressure
development was undesirable and believed to have been caused by an inefficient charging
process at the negative electrode. Normally, on an oxide free surface, the atomic
hydrogen from water discharge would diffuse into the metal forming the hydride
However, on an oxide covered surface recombination between two atomic hydrogen to
form molecular hydrogen seem to be promoted. It was determined later that the
performance of the electrode could be improved vastly by reducing the chromium
content. However the chromium content had been standardised for the high vanadium
content in the alloy. This implied a reassessment of the V content (and hence Cr

content) in the alloy. Based on this idea, the process of evolving a new alloy with lesser
corroding and hence lesser oxide forming components was successfully undertaken. The
new alloy was based on this composition although further minor modifications in the
alloy composition have made to make the materials' cost effective. This may have led to
a recently reported "Ovonic alloy" which includes V and Zr in the Ti-Ni system to form a
V-Ti-Zr-Ni alloy11551. An example of this alloy is V25Ti17Zri6Ni43.

114

Chapter 6 Elemental substitutions of Ti2Ni hydrogen storage alloy electrodes

However, it is of note that the above mentioned elemental substitutions have focused
only on the partial substitution of titanium. Furthermore, these alloy modifications have
actually changed the main hydrogen storage element from Ti to either Zr or V. In
addition, the stoichiometry of these alloys is no longer of A2B type

Therefore, the present work has focused on the elemental substitutions of nickel in the
basic Ti2Ni system. Cobalt and aluminium added respectively to partially replace nickel
because of the reasons stated below:

1) Cobalt addition
Different amounts of cobalt were added to partly substitute for nickel to form tertiary
alloys of different compositions for the following reasons: (i) the similar electron
configurations of cobalt ((3d)7(4s)2) and nickel ((3d)8(4s)2), (ii) the close, but slightly
greater, atomic radius of cobalt (1.47 A) compared with nickel ( 1.42 A), and (iii) the
close, but slightly greater, atomic volume of cobalt ( 6.7 cmVmol) compared with nickel
(6.59 cm3/mol). It was expected that the addition of cobalt would inhibit the lattice
expansion and contraction during hydriding and dehydriding (i.e., during charging and
discharging processes) and would thus reduce alloy powder disintegration and,
consequently, increase the cycle life of the electrode.

2) Aluminium addition
As is well known aluminium is lighter and cheaper than most metals. It has been
successfully used to increase the cycle life of rare-earth system hydrogen storage alloy
electrodes due to its good passivation characteristics1131. Therefore aluminium was
expected to have similar behaviour for the titanium system thus increasing the cycle life
of Ti2Ni hydrogen storage alloy electrodes.
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6.2

Cobalt addition

6.2.1 Alloy preparations

Alloys of nominal composition Ti2Ni, Ti2Nio.9sCoo.o2, Ti2Nio.95Coo.05, Ti2Ni0.goCoo.2o and
Ti2Nio.6oCoo.4o were prepared by arc-melting and chill casting in a copper hearth under
argon protection and with repeated melting and turning of alloy ingots to ensure
homogeneity. Care was taken to ensure that all the minor alloy constituents were melted
within the ingots. Energy Dispersive Spectroscopy (EDS) analysis confirmed the
presence of cobalt in the tertiary alloys as expected. The spectrum for the nominal
Ti2Nio.98Coo.02 alloy is given as an example shown in Figure 6-1.

riKa

TiKB

NiL
.01

Figure 6-1

_™J

IA

\t\Ka

COK1\
10.24 keV

Energy dispersive spectrum of nominal Ti2Nio.98Coo.o2 alloy
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6.2.2 XRD analysis

XRD analysis of uncycled electrodes fabricated from the alloys with different amounts of
cobalt revealed that the diffraction patterns are the same as that of the pure Ti2Ni alloy

The diffraction pattern of Ti2Ni0.98Co0.02 electrode ( Figure 6-2) is given as an example of
cobalt-added electrodes and can be compared with the diffraction pattern of pure Ti2Ni
electrode shown in Figure 6-3. There is no apparent change in the position of the peaks,
and it is likely that cobalt addition does not change the lattice parameters of the Ti2Ni
alloy. This indicates that cobalt atoms exist at some of the positions originally occupied
by nickel atoms in the lattice structure. In another word, the action of cobalt is to

substitute partially the nickel atoms in the lattice cells of Ti2Ni alloy. Therefore, the b

lattice structure of Ti2Ni alloy is retained and the hydrogen storage characteristic of the
alloy is thus maintained.

6.2.3 Analysis of electrode charge/discharge performance

The alloy ingots obtained were separately crushed and ground into powders of below
100 mesh following the procedure described in 3.2.2.1. The fine powders (Ti2Ni,
Ti2Ni0.98Co0.o2, Ti2Ni0.95Co0.05, Ti2Ni0.8oCo0.2o and Ti2Ni0.6oCo0.4o) were separately mixed
with PVA solution at a ratio of 10:1 and pasted onto foam nickel sheets of 2 cm x 2 cm
xO.2 cm. The pasted foam-nickel sheets were dried and pressed to form a series of
hydrogen storage alloy electrodes of various compositions with different cobalt contents.
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Charge/discharge procedures were the same as described in 3.3.3. T h e discharge curves
for electrodes with different amounts of cobalt are presented in Figures 6-4 to 6-8 The
results show that the Ti2Nio.98Co0.o2 electrode has the best discharge performance. An
additional comparison of electrode performance is given in Figure 6-9 in terms of
capacity-decay curves. To demonstrate further the effect of cobalt addition on the
capacity decay of Ti2Ni electrodes, the percentage of capacity retention of the electrodes
at various cycles is given in Table 6-1, while the relationship between the specific
capacity during the first three cycles and the corresponding cobalt content is illustrated
Figure 6-10. The data in Table 6-1 and Figure 6-10 show that the capacity retention of
the electrodes containing cobalt is much higher than that of the pure Ti2Ni electrode at
each given cycle. For example, the percentage of capacity retention of a Ti2Ni0.98Co0 02
electrode after three cycles is 77% while that of the Ti2Ni electrode is only about 6%.

This clearly indicates that cobalt is very effective in lengthening the cycle life of the T
electrodes. The reason for this may be due to the fact that cobalt addition enlarges the
lattice cell and hence reduces the lattice expansion and contraction during the
corresponding hydriding and dehydriding processes, i.e., powder disintegration is slowed
down. SEM studies of the morphology provide direct evidence of the effect of cobalt
addition on reducing the rate of powder disintegration, as shown in Figures 6-11 and 612. It can be seen that the alloy without cobalt addition has disintegrated severely after
only two cycles ( Figure 6-11), whereas the alloy powder with a cobalt content of 0.67

at.% (i.e., 0.02 in Ti2Nio.9gCoo.02) is only slightly degraded, even up to eight deep cycles
(Figure 6-12).
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Figure 6-4

Galvanostatic discharge curves for Ti2Ni electrode at a current
density of 20 m A / g in 6 M K O H aqueous solution
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Galvanostatic discharge curves for a Ti2Ni0.98Co0.o2 electrode at a
current density of 20 mA/g in 6 M K O H aqueous solution

122

Chapter 6 Elemental substitutions of Ti2Ni hydrogen storage alloy electrodes

1.0 n

o
W)
OJD

X
>

Ml
ca
•+*

>
-i

0

100

1

200

-1—
500

r

300

600

700

800

Time (mins)

Figure 6-6
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Galvanostatic discharge curves for a Ti2Ni0.8oCo0.2o electrode at a
current density of 20 mA/g in 6 M K O H aqueous solution

124

Chapter 6 Elemental substitutions of Ti 2 Ni hydrogen storage alloy electrodes

1.0n

—•—cycle 1
— — cycle 2
— ' — cycle 3

o
WD
WD
ffi

—'•'—cycle 4
—•—cycle 5
—•—cycle 6

>

WD

"o
>
—I—
500

—T"
600

~l—
700

800

Time (mins)

Figure 6-8

Galvanostatic discharge curves for a Ti2Nio.60Coo.40 electrode at a
current density of 20 mA/g in 6 M K O H aqueous solution
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Table 6-1

Percentage of capacity retention by electrodes with different cobalt
contents at different cycles

Cycle 4

Cycle 5

cycle 6

0.77

0.65

0.60

0.52

0.72

0.64

0.54

0.48

0.42

1.00

0.62

0.37

0.26

0.20

0.16

1.00

0.55

0.27

0.16

0.13

0.05

Electrode

Cycle 1

Cycle 2

Cycle 3

Ti2Ni

1.00

0.62

0.06

Ti2Nio.98Coo.o2

1.00

0.85

Ti2Nio,9sCoo.os

1.00

Ti2Nio.80Coo.20
Ti2Nio.60Coo.40
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Variation of specific capacity of electrodes with different cobalt
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Figure 6-11

Electron micrograph of Ti 2 Ni alloy powder after two cycles
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Figure 6-12

Electron micrograph of Ti2Nio.98Co0.o2 alloy p o w d e r after eight cycles
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A m o n g the electrodes with different cobalt additions, the Ti2Nio.98Co0 02 electrode has
the most significant effect (Figures 6-9 and 6-10). The variation in electrode specific
capacity at different numbers of cycles versus cobalt content is displayed in Figure 6-10.

With only 0.67 at.% cobalt (i.e., 0.02 in Ti2Ni0.98Co0.o2), the specific capacity of Ti2Ni is

largely increased. However, with further increase of cobalt up to 13.33 at.% ( i.e., 0.4 in
Ti2Ni0.6Coo.4), the specific capacity decreases gradually and monotonously down to a
value that is even lower than that for pure Ti2Ni. This is an indication of the concurrence
of two opposing factors that contribute to the specific capacity. To elucidate this
phenomenon, the chemical elemental characteristics of cobalt and nickel must be
considered. As the atomic radius and atomic volume are greater for cobalt (1.47 A and
6.7 cmVmol) than for nickel ( 1.42 A and 6.59 cm3/mol), addition of cobalt will inevitably
cause an expansion of the lattice cell and will thus enlarge the interstitial space and
accordingly will benefit the hydrogen storage process. On the other hand, as the atomic

weight of cobalt (58.96) is also greater than that of nickel (58.67), the number of lattice
cells per unit weight of alloy becomes less. This reduces the number of hydrogen storage
units and thus is detrimental to the hydrogen storage process. Therefore, it is reasonable
to assume that with a cobalt addition of lower than a certain amount, the expansion of
the lattice cells is dominant and will cause an increase in the specific capacity. At a
critical content of cobalt, however, the expansion of any lattice cell will reach a
saturation point that is caused by the restricting effect of the neighbouring, expanded
lattice cells. When this phenomenon begins to take place, the decrease in the number of
lattice cells per unit weight of alloy with increasing cobalt content will become dominant
and will give rise to a decrease in the specific capacity. Overall, the combined effect of
the two opposite factors will inevitably result in an optimal value for the specific
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capacity.

Considering the above assumptions and discussion together with the

experimental results, the results presented in Figure 6-10 may be explained as follows
Within a cobalt content range of 0 to 0.67 at.%, lattice expansion of the alloy is
predominant and the specific capacity of the alloy increases with increasing cobalt
content. Nevertheless, when the cobalt content is between 0.67 and 13.33 at.%, a
decrease in the lattice cell number per unit weight of alloy becomes dominant and the
specific capacity of the alloy decreases monotonously. Therefore, an optimal value of
specific capacity is obtained from a Ti2Ni0.98Co0.o2 electrode ( i.e., 0.67 at % cobalt)

However, it is of note that the above explanation does not exclude other possibilities that
might also be responsible for the capacity loss of the electrode with higher cobalt
addition. For example, with an increasing amount of cobalt addition, a new inactive
phase might be formed which is not characterised of hydrogen storage but occupies some
of the hydrogen elements thus causes a decrease in the specific capacity of the electrode

6.2.4

S u m m a r y of cobalt addition effects

Based on the above discussion, the effect of cobalt addition on the performance of Ti2Ni
hydrogen storage electrodes may be summarised as follows:

1) XRD analysis shows that the added cobalt substitutes partially the nickel atoms in
the Ti2Ni lattice structure and this enables the alloy to maintain its hydrogen
storage characteristics;
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2)

SEM

studies of electrode morphology confirms that cobalt is effective in

reducing the disintegration of Ti2Ni alloy powder during charge/discharge
processes;

3) Charge/discharge results show that a Ti2Nio.9sCoo.o2 electrode has the highest
specific capacity, as well as the highest capacity-retention rate This is possibly
due to the concurrence of two opposing factors that contribute to the specific
capacity variation, namely: enlargement of the lattice cells and reduction of lattice
cell number per unit weight. With a cobalt content below 0.67 at.%, enlargement
of the lattice cells is dominant and thus benefits the hydrogen storage process
By contrast, with a cobalt content greater than 0.67 at.%, reduction of lattice cell
number becomes dominant and this is detrimental to the hydrogen storage
process. Therefore, the highest specific capacity of the electrode occurs at a
cobalt content of 0.67 at.% ( i.e., for a Ti2Nio.wCoo.02 electrode). Other
possibilities such as the formation of an inactive phase might also be responsible
for the specific capacity decrease of the electrode with a higher cobalt content.
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6.3

Aluminium addition

6.3.1 Alloy preparation and electrode fabrication

Alloys of nominal compositions of Ti2Ni, Ti2Nio.99Alo.01, Ti2Ni0.98Alo.o2, Ti2Nio.97Alo.03,
Ti2Nio.96Alo.o4, Ti2Nio.95Alo.05 and Ti2Ni0.9oAlo.io were made by vacuum arc melting under
argon protection following the same procedures described in 3.2.1. The presence of the
very small amount of aluminium added is confirmed by the presence of the small Al K
peak at 1.49 kev via EDS analysis, shown in Figure 6-13.

Electrodes of Ti2Ni alloys with different aluminium additions were fabricated according
to the procedures described in detail in 3.2.2.
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Figure 6-13

Energy dispersive spectrum of nominal TkNio.97Alo.03 alloy
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6.3.2

Charge/discharge characterisations

The charge/discharge performance of the aluminium added electrodes were carried out
according to the methods presented in 3.3.3. The discharge curves of the electrode
fabricated from Ti2Ni0.97Al0.o3 alloy is given as an example for the aluminium-added alloy
electrodes, shown in Figure 6-14. The specific capacity of Ti2Nii.xAlx alloy electrodes
obtained at the first cycle decreases with increasing aluminium content (see Figure 6-15)
This is consistent with the results reported by Sakai et al. in rare-earth-based hydrogen
storage alloy

[13]

. However, a much longer cycle life was observed for the alloy

electrodes with aluminium additions than that of the electrode without any aluminium
addition (pure Ti2Ni alloy electrode), as is clearly shown in Figure 6-16. The average
capacity decay rate of the electrodes with different amounts of aluminium additions is
presented in Figure 6-17.

300

400

Time (mins)

Figure 6-14

Galvanostatic discharge curves for a Ti2Ni0.97Alo.o3 electrode at a
current density of 20 m A / g in 6 M K O H aqueous solution
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In order to find out the reasons responsible for the specific capacity decrease and the
cycle life increase of the aluminium-added electrodes, "steady-state" potentiostatic
polarisation technique was applied to analyse the electrochemical behaviour of the
electrodes.

6.3.3 Anodic polarisation measurements

"Steady-state" anodic potentiostatic polarisation curves were obtained using an AMEL
Model 553 potentiostat in a 6M aqueous solution of KOH A platinum mesh auxiliary
electrode and a Hg/HgO reference electrode were employed. The polarisation curves
obtained are presented in Figure 6-18. It is of note in Figure 6-18 that active-to-passive
transition was observed for the electrodes with aluminium contents of higher than 1 at.%
( 0.03 in Ti2Ni097Alo.o3 ) However, the electrodes with aluminium contents of 0.67 at.%
( 0.02 in Ti2Ni098Al0.o2 ) and 0.33 at.% ( 0.01 in Ti2Ni099Al0.oi ) did not show any obvious
passivity, but their anodic current values are apparently much smaller than that of the
pure Ti2Ni alloy electrode. Electrochemical studies have also indicated that the electrode
without any aluminium addition did not show any passivation effect, as is evident in
Figure 6-18. No current densities higher than approximately 30 uA/cm2 are shown in
Figure 6-18 due to the large amount of oxygen evolution. The reason for the decrease of
oxygen evolution rate on dunimium containing electrodes may be attributed to the
passivation behaviour of these electrodes.
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Figure 6-18 "Steady-state" potentiostatic polarisation curves of the electrodes
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It is also of note in Figure 6-18 that the critical passivation current density i^, and the
passivating current density ip decreased with increasing aluminium additions from 1 at.%,

which is indicative of a corrosion rate decrease. The reason for this may be attributed to
that higher aluminium content in the electrode reders the formation of a more condensed

passivation layer. Furthermore, the peak passivating potential Epp and the Flade potential
EF shifted negatively with increasing aluminium additions, indicating an earlier
commencement of active-to-passive transition and an earlier commencement of

passivation, respectively. This suggests that the electrode is rendered passive more easi
with increasing aluminium addition. In order to further explore the reason for the
passivity of the alloy electrodes, XRD was applied to analyse the alloy phase
compositions.

6.3.4 XRD analysis of alloy phase composition

X-ray diffraction analysis was performed using a Philips PW1010 X-ray diffraction unit
with TRACES v 3.0 software. A copper tube was used in the present studies The tube
voltage and current were 40 kV and 20 mA respectively. Details of the instrumentation
were presented in 3.2.5.2.

The analytical results are shown in Figures 6-19(a) and 6-19(b), corresponding to Ti2Ni

and Ti2Nio.97Alo.03 alloys respectively. Ti2Nio.97Alo.o3 is given as an example to present
aluminium-added alloys characterised of active-to-passive transition. It can be found by
comparison of Figures 6-19(a) and 6-19(b) that a new phase, Ti2Al, was formed in
Ti2Nio.97Al0.o3 during alloy preparation. For Ti2Ni0.99Al0.oi and Ti2Nio.9sAlo.o2 alloy

electrodes, the formation of Ti2Al phase is not obvious, which is possibly due to its very
low content. Therefore, it may be reasonable to ascribe the passivity to the new Ti2Al
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phase. T o verify this, Ti 2 Al alloy w a s m a d e in the same w a y as described above and was
then confirmed by XRD analysis, shown in Figure 6-19(c)

The "steady-state" potentiostatic polarisation curve of Ti2Al electrode was also obtained

and shown in Figure 6-20. It is evident in Figure 6-20 that Ti2Al alloy exhibits a definite
active-to-passive transition performance.
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Figure 6-19 (a) X R D analysis of nominal Ti 2 Ni alloy; (b) X R D analysis of
nominal Ti2Nio.97Alo.o3 alloy; (c) XRD analysis of nominal Ti2Al alloy
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6.3.5 Auger electron spectroscopy analysis of passivation layer

To yet further confirm the passivation of the Ti2Al phase, AES was applied to analyse
the composition of the passivation layer formed on the surface of Ti2Nii.xAlx alloy
electrodes. Auger electron spectroscopy (AES) analysis was conducted using PerkinElmer Phi Model 550 XPS/Auger to investigate the elemental distributions within the
passivation layer. The analytical result of the passivation layer formed on the surface of
Ti2Ni0.97Al0.o3 alloy electrode is given as an example for the aluminium-containing
electrodes exhibiting active-to-passive transition behaviour, as shown in Figure 6-21
Sputter time was converted to sputter thickeness, namely, nominal depth automatically
using the perkin elmer software attached with considerations given to beam intensity.
AES measurments were conducted on samples transfered via air hence persence of C as
an impurity, shown in Figure 6-21. It can be seen in Figure 6-21 that the contents of
aluminium, titanium and oxygen are much greater than the content of nickel in the
passivation layer. Assuming that the nickel has had a contribution to the passivity of the
alloy, the nickel content in the passivation layer would have been far greater than the
aluminium content, since the nickel content in bulk alloy, Ti2Ni0.97Alo.o3, is much greater
than the aluminium content. This is definitely not the case, as shown in Figure 6-21
Therefore it is reasonable to say that titanium and aluminium are responsible for the

passivation of the alloy. The very low nickel content indicates that the passivation layer
is not absolutely non-porous, which allows nickel atoms in the substrate alloy to be
detected. Therefore there is no doubt at this stage that the passivity of the electrode
containing aluminium can be attributed to the passivity of the new Ti2Al phase which coexists with the Ti2Ni phase in the alloy.
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6.3.6

Discussion on the aluminium addition effects

Based on the analysis above, the cycle life increase and the specific capacity decrease o
the electrode with aluminium additions may be explained as follows.

As was mentioned above, the specific capacity of the electrode decreases as aluminium
addition increases. This may be attributed to the following two reasons: (1) XRD
analysis confirmed that aluminium added captures some of the titanium atoms to form a
new Ti2Al phase which is not capable of storing hydrogen, resulting in a decrease in the
capacity per unit weight of alloy; (2) during the discharge process, metal hydride
decomposes and the atomic hydrogen generated diffuses out to the surface of the
electrode. Since the passivation layer formed inhibits the diffusion of atomic hydrogen
from within the alloy powder and therefore slows down the electrode kinetics, the

discharge efficiency of the electrode is thus decreased and therefore the specific capaci
of the electrode is decreased. For the two reasons above, the addition of aluminium is
detrimental to the performance of the electrode and is therefore to be minimised in
respect to the specific capacity of the electrode.

On the other hand, aluminium addition was observed to be beneficial to the cycle life of
the electrode (Figures 6-16 and 6-17). This may be explained as follows. When
electrode fabricated from the alloys with aluminium content of higher than 1 at.%
(Ti2Nio.97Alo.03) were exposed to an electrolyte of 6M KOH during the discharge process,
nucleation and growth of the passivation layer commenced and developed. As a result of

the hydrogen storage alloy being shielded by a dense passivation layer, it could no longe

be attacked directly by the electrolyte therefore the oxidation of the alloy may be reduc

and the cycle life of the electrode is thus increased. Within the aluminium content range
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of 0.33 at.% ( 0.01 in Ti2Nio.99Alo.01) to 0.67 (0.02 in Ti2Ni0.98Alo.o2), the formation of
Ti2Al phase was not detected. The electrodes fabricated from these two alloys did not

show significant active-to-passive transition ( see Figure 6-18). Nevertheless, it is stil
evident in Figure 6-18 that the anodic current of the electrodes fabricated from
Ti2Nio.99Alo.oi and Ti2Nio.98Alo.o2 is much smaller than that of the electrode fabricated
from pure Ti2Ni alloy. This may be suggestive of the fact that Ti2Al phase was actually
also formed in the alloys with low aluminium content. The reason that it is not
detectable by XRD analysis may be attributed to its very low content. Therefore the
effectiveness in increasing the corrosion resistance of the electrode still exists, as is
shown in Figure 6-18. As for the pure Ti2Ni electrode, the cycle life is rather short
because the electrode is kept in an active state and in direct contact with the strongly
oxidising electrolyte during the entire discharge process.

Nevertheless, even though the electrodes with aluminium addition showed a greater
apparent passivity, increasing the amount of aluminium addition indefinitely is certainly
not desirable. It can be seen in Figure 6-17 that with aluminium addition of up to a

certain level, in particular up to 1 at % ( Ti2Nio.97Alo.03), the capacity decay rate of t
electrode did not further decrease significantly. This is because no matter how dense the
passive layer is, it could not be absolutely non-porous. Therefore it can only partially
prevent the contact between metal and solution12451. This was also confirmed by AES
analysis as mentioned above (see Figure 6-21). Understood in this way, passivation thus
does not necessarily imply the absence of corrosion. Therefore, an indefinite increase of
electrode cycle life with increasing aluminium addition is not the case.
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Furthermore, as w a s previously reported that oxidation and disintegration of alloy
powder and also the formation and accumulation of the irreversible Ti2NiHo

5

phase are

the existing reasons responsible for the capacity decay of the Ti2Ni electrode12461
Therefore to exaggerate the anti-oxidation effect of aluminium addition is rather
unreasonable and arbitrary. Considering the beneficial effect of aluminium addition on
the cycle life as well as the detrimental effect of aluminium addition on the specific
capacity of the electrode, it may be suggested that aluminium addition be maintained at
not greater than 1 at.%.

In attempts to clarify the passivity mechanism in the discharge process, passivation of
Ti2Al phase is therefore discussed as follows. During the discharge process, the

electrode is subjected to an anodic polarisation. At the very initial stage of passivation,
an intermediate species (Ti2A10H)ads might be formed and adsorbed on the surface of the
electrode immersed in a 6M KOH electrolyte via the following reaction:

Ti2Al + Off -• (Ti2A10H)ads + e

Consequently, the adsorbed intermediate species might be further oxidised into a
superficial compound film which is usually regarded as a pre-passive film. With a further
discharging of the electrode, the potential of the electrode drops into the passivation
potential region, and the growth of the pre-passive film may eventually form a
passivation film which protects the internal alloy from direct contact with the oxidising
agent. Furthermore, it is believed that oxidising agents generally favour passivity,
particularly if the metal is in a finely-divided form[247]. As was mentioned above, the
electrolyte used in the present investigation was 6M KOH, which is undoubtedly a very

strong oxidising electrolyte, and the alloys used for electrode preparation are all powders
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of below 100 mesh, which are definitely in a finely divided form. Since both of the two
factors above are favourable to the passivation of metal, it is not difficult to understand
that the Ti2Al phase may be rendered passive more readily under the circumstances of the
present investigation.

6.3.7 Summary to aluminium addition

Addition of aluminium into Ti2Ni alloy is beneficial to the cycle life but is detrimental to
the specific capacity of the electrode. The passivity of the electrode owing to the
existence of a new Ti2Al phase is responsible for the cycle life increase of the electrode
The severe specific capacity decrease with aluminium addition may be partly attributed to
the reduction in the amount of titanium available for alloying with the nickel. A second

effect is the passivation of the electrode which acts as a barrier to diffusion of hydrogen,
resulting in the decrease in discharge efficiency. Therefore, addition of aluminium should
be limited to a certain level.

6.4 Summary to elemental substitutions

1. Cobalt addition

Cobalt addition was found beneficial to both the specific capacity and the cycle life of
Ti2Ni hydrogen storage alloy electrode characterised in 6M KOH aqueous solution. A
maximum specific capacity was obtained from Ti2Ni0.98Co0.o2 electrode due to the
interaction of two opposing factors that contribute to the specific capacity, namely:
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enlargement of the lattice cell and reduction of lattice cell number per unit weight with
increasing cobalt content; The cycle life increase may be attributed to the beneficial
effect of cobalt addition in reducing the disintegration of Ti2Ni alloy powder during
charge/discharge processes.

2. Aluminium addition

Addition of aluminium into Ti2Ni alloy is beneficial to the cycle life but is detrimental
the specific capacity of the electrode. A new phase, Ti2Al, co-existing with Ti2Ni was
found to passivate in 6M KOH aqueous solution. The passivation layer formed prevents
the internal hydrogen storage alloy from corrosion thus increases the cycle life of the
electrode. As the new Ti2Al phase inevitably captures some of the titanium atoms but is
not capable of hydrogen storage, addition of aluminium will therefore lead to a decrease
in the capacity per unit weight; Another reason responsible for the severe specific

capacity decrease of the electrode is the formation of the passivation layer which inhibit
the diffusion of atomic hydrogen and therefore slows down the electrode kinetics thus
decreasing the discharge efficiency of the electrode.

Cobalt and aluminium have been characterised as having some beneficial effects to
aspects of the performance of Ti2Ni hydrogen storage alloy electrodes. However, their
effects on other performance parameters of the electrode such as rate-capability, selfdischarge behaviour, low temperature discharge ability, gas recombination capability,
thermodynamic properties, ease of manufacture, metallurgical properties and cost have
not been characterised. All these factors will have to be considered in order to optimise
the Ti2Ni type hydrogen storage alloy and this will certainly involve a great deal of
research work in the future.
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Chapter 7
Electrochemical A C Impedance Studies on
the Discharge Process of the Ti2Ni Hydrogen
Storage Alloy Electrode

7-1 Introduction
The development of rechargeable nickel-metal hydride batteries with titanium-based
hydrogen storage alloy anodes remains a major challenge for those involved in the
research and development of batteries with high specific energies. A series of studies on
the performance of titanium based hydrogen storage alloy electrodes have been carried
out previously'244,246'248'251]. These studies have revealed n e w understanding of elemental
substitutions, surface modification of the alloy powder, and the mechanism of early
capacity decay of the electrode during charge/discharge cycling.

However, studies on

the discharging process of Ti 2 Ni hydrogen storage alloy electrode in alkaline solution
have not been found to date.

The AC impedance technique is a powerful means of characterising many of the
electrical properties of materials and their interfaces with electronically conducting
electrodes'2161. It has been successfully applied in the in-situ analysis of processes such
as corrosion1252"2571, electropolishing[258], polymer formation'259"2611, ionic conductivity and
diffusion analysis of Y B a 2 C u 3 O x and B i P b S r C a C u O superconductors126^
2671

and batteries'268"2731.

63]

, fuel cells'26

T h e wide continuous frequency range available permits
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investigation of surface processes that differ widely in relaxation times. Furthermore, the
simple forms of the perturbation and response function render the mathematical analysis
of complex reaction mechanisms relatively simple. Provided that the amplitude of the
perturbation potential is sufficiently small, the components of the impedance at an
electrode/electrolyte interface can be regarded as linear, that is, the impedance of the
individual components are independent of potential. Accordingly, the interface may be
represented by an equivalent electrical circuit consisting of linear components only.

Impedance spectroscopy has been used to study a wide variety of electrochemical
systems: for such systems, the charge-transfer involved at an interface between an
electrode and an electrolyte occurs via a succession of elementary phenomena that are
more or less strongly coupled:

(i) transport of the reacting species;

(ii) adsorption of reacting species on the electrode, and

(iii) chemical and electrochemical interfacial reactions, that often occur in several
monoelectronic steps.

To date, the most significant results have been obtained by measurements of the
electrochemical impedance which leads to kinetic characterisation of the phenomena in
terms of process rates (mass transport, adsorption, electrochemical or chemical reaction).
It is generally known that the discharging process of a metal hydride electrode exposed
to 6M KOH solution is composed of the following steps:

(i) diffusion of hydrogen from inside the electrode;
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(ii) adsorption of hydrogen on the surface of the electrode;

(iii) chemical and/or electrochemical reactions on the surface of the electrode

As all these processes are very temperature dependent and are closely related to the
discharge state of the electrode, the main objectives of the present work were to study
the influences of temperature and the electrode discharge state on the discharge process
of a Ti2Ni electrode exposed to 6M KOH aqueous solution, in order to understand more
about the discharge kinetics.

7.2 Description of experimental procedures
The Ti2Ni electrodes were made and firmly pressed using a hydraulic pressing machine
according to the procedures described in detail in chapter 3

Discharging of the electrodes was conducted galvanostatically at a current density of 20
mA/g in 6M KOH aqueous solution in a divided cell. Platinum was employed as an
auxiliary electrode and Hg/HgO (IM NaOH) as a reference electrode. All potentials are
reported with respect to this electrode.

Impedance analysis was carried out using Model 6310 Electrochemical Impedance
Analyser interfaced with EIS 398 software supplied by Princeton Instruments. The
amplitude of the sinusoidal wave was 5 mV to ensure a linear perturbation. The
frequency range was 105 to 10"2 Hz. The whole system is shown schematically in Figure
7-1.

Studies of the influences of temperature and discharge state of the electrode were
performed via the following procedures.
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Figure 7-1

Schematic of test system
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7.3 Temperature effects
Electrodes were fully charged and rested for 30 min until the electrode potential became
steady ( -0.97V). The fully charged electrodes were then discharged galvanostatically
(20 mA/g) at 20 and 5 °C respectively. Temperature accuracy was ensured by placing
the divided cell in a JULABO F10 water bath with internal thermometer monitoring.
Impedance measurements were conducted during the discharging process at 20 and 5 °C,
respectively. The electrode impedance spectra obtained at different temperatures are
given in Figures 7-2 and 7-3.

At 20 °C, and at an electrode potential of-0.97 V, there exists an inductive loop in the
fourth quadrant and two consecutive capacitive loops in the first quadrant ( see Figure 72). At 5 °C and an electrode potential of-0.97 V, however, the impedance spectrum of
the electrode changes to an inductive loop in the fourth quadrant and two consecutive
loops in the first quadrant, but now followed a line of 45° slope, see Figure 7-3.

The first capacitive loop in the first quadrant corresponds to an interfacial Faradaic

charge transfer and the typical linear response at an angle of 45° to the real axis shown at
low frequencies indicates a diffusion process which is frequently referred to as the
Warburg impedance '216'258'269"270'274]. It was elucidated by Macdonald'2161 that, often for
battery studies, the exact frequency over which the semicircle occurs will depend on the
values of the Faradaic charge transfer resistance, Rt, and the double layer capacitance,
Cdi, but it will often fall in the range of 10-104 Hz. The appearance of the Warburg
impedance normally starts at a frequency less than 1 Hz. This is exactly the situation
that gives the experimental results, shown in Figures 7-2 and 7-3. The intermediate
impedance feature (second loop) is characteristic of an adsorption process1 ' During
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discharging process, atomic hydrogen diffuses out from the lattice position in the alloy
and adsorbs on the surface of the electrode. The adsorbed atomic hydrogen is
subsequently electrochemically oxidised (electricity generation). For a hydrogen storage
electrode, the first capacitive loop is therefore considered to be due to the
electrochemical reaction of atomic hydrogen at the electrode/electrolyte interface The
intermediate adsorption feature is associated with the adsorption of atomic hydrogen on
the surface of the electrode. Since the electrolyte used is 6M KOH aqueous solution
with a high OH" concentration and hence a readily supply of OH" ions to the interface,
the Warburg impedance is therefore associated with the diffusion of hydrogen from
inside the alloy to the electrode/electrolyte interface. At the highest frequency range,
there exists an inductive loop in the fourth quadrant. Very limited reports including this
impedance feature are available in the literature'2671 and no interpretation has been found
As oxidation of the electrode is inevitable with charge/discharge cycling, though the
process is very slow compared with other electrode processes (otherwise the electrode
cannot be reversibly cycled), the inductance loop might therefore be related to the
adsorption of large polarised intermediate species such as (Ti2Ni)xOy in the oxidation of
the Ti2Ni alloy. The vibration of the intermediate species under sinusoidal perturbation
may thus result in an inductance which is, in effect, similar to an electric coil.

As oxidation of the alloy is very slow compared to other electrode processes, there exists
three main steps during discharging process: (i) diffusion of hydrogen from inside the
bulk alloy to the surface of the electrode; (ii) adsorption of hydrogen on the surface of
the electrode; (iii) oxidation of hydrogen. Thus, the discharge process of the electrode
is determined by these three steps, as dictated by the variations of electrochemical and/or
chemical conditions, e.g. the discharge state of the electrode and discharge temperature
_____ 155

Chapter 7. Electrochemical A C Impedance Studies on the Discharge Process of the Ti:Ni Hydrogen
Storage Alloy electrode

-0.6 n

Frequencies in H z

©

-0.4•

15.85
•

•

•

•

• • • •

-0.2-

2512

0.0
00

•r?

•

-T"
1.0

r-w

0£

-I
1.5

r

—I

2.0

Zre (ohm)
0.2J

Figure 7-2

Impedance spectrum obtained at 20 °C during discharge with an
electrode potential of-0.97V
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As is shown in Figure 7-2 and Figure 7-3, the discharge process is diffusion controlled at

5 °C, but the reaction is either electrochemical reaction or adsorption controlled at 20 °C
To identify the step that controls the discharging process at 20 °C, the following
discussion is presented.

According to the Nernst equation for the electrode process that involves adsorption,
there exists the following relation'2741:

O - TK OJIF
I = nF[kjCso(—^-

)exp(- — < p ) ]

(7-1)

where i is the electrode reaction rate; TR and C^, are the surface concentration of
hydrogen at reduction and oxidation states, respectively; TR is the maximum adsorption
concentration of hydrogen; kf is the rate constant of the forward electrochemical
reaction (Hads -> H+ + e). The remaining symbols have their normal meanings From

eq.(7-l), when other conditions are kept constant, increase in temperature is beneficial to
the electrochemical reaction. If it is the electrochemical reaction that controls the
discharge process, then an increase in temperature should make diffusion become the
rate-determining-step (RDS). This is obviously not the situation that gives the
experimental results presented here. Therefore, it is reasonable to consider that it is
actually hydrogen adsorption that controls the discharging process at 20 °C

It is clear that there exists a transition of the RDS from diffusion to adsorption of
hydrogen with elevation of temperature from 5 to 20 °C. The reason for this transition
may be elucidated as follows.

It is commonly known that an increase in temperature will raise the energy of the
adsorbed species and therefore, will reduce the stability of adsorption. Thus, increasing
158

Chapter 7. Electrochemical A C Impedance Studies on the Discharge Process of the Ti:Ni Hydrogen
Storage Alloy electrode
temperature is unfavourable to the adsorption process. Moreover, adsorption of species
must be exothermic if it is to proceed spontaneously12761. The argument behind this
statement is as follows. When a species is adsorbed on a surface, its translational
freedom is reduced, and thus the process is accompanied by a decrease in entropy. Since
AG=AH-TAS, it follows that AH must be negative for AG to be negative, and a
negative enthalpy change corresponds to an exothermic process. In addition, it is
commonly known that the enthalpy change for physisorption is about -20 kJmol"1, while
for chemisorption AH is usually more negative, i.e., about -200 kJmol"1, all indicating
exothermic process. From the view of chemical equilibrium, it is generally known that a
rise in temperature is detrimental to an exothermic process. Therefore, increasing
temperature will reduce hydrogen adsorption.

On the other hand, increase in temperature is beneficial to dehydriding of the metal
hydride (Ti2Ni-H) which leads to a more ready supply of hydrogen from inside the
hydrogen storage alloy and this, in turn, increases the gradient of thermodynamic
chemical potential of hydrogen. As the chemical potential gradient of hydrogen is
actually acting as the driving force for hydrogen diffusion, hydrogen transport is
enhanced.

From the above discussion, it is believed that temperature increase is beneficial to
diffusion, but detrimental to the adsorption of hydrogen. In another words, the
resistance of hydrogen adsorption increases with increasing temperature, while the
resistance for hydrogen diffusion decreases. This is consistent with the experimental
observations shown in Figures 7-2 and 7-3. At 20 °C, the impedance for hydrogen
adsorption is about 850 mfi, and a Warburg impedance is not observed. Nevertheless,
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with lowering of temperature d o w n to 5 °C, the hydrogen adsorption loop (second loop
in the first quadrant) shrinks and the adsorption resistance decreases to only 450 mfi
(i.e., about half of that at 20 °C) and there appears a Warburg impedance slope (see

Figure 7-3). This suggests that the diffusion of hydrogen from inside the bulk alloy now

becomes the RDS and drastically reduces the discharge efficiency ( the specific capacit
of Ti2Ni electrode at 5 °C is only about 55 mAh/g, which is much smaller compared with
the specific capacity of about 160 mAh/g at 20 °C).

The equivalent circuits that correspond to the electrode discharged at 20 and 5 °C are
shown respectively in Figure 7-4(a) and 7-4(b), wherein CA and RA correspond to
adsorption capacitance and resistance, respectively.
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Equivalent circuits corresponding to electrode discharged at:
(a) 20 °C (corresponding to Figure 7-2), and (b) 5 °C
(corresponding to Figure 7-3)
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7.4. Influences of electrode discharge state
Determining the electrode reaction kinetics and the presence (and/or magnitude) of
electrode or electrolyte diffusion processes while controlling the voltage is particularly
important in studies of battery systems because the state of charge in any given battery
system is a direct function of the voltage'2161. By measuring the impedance spectra at
different voltages it is possible to examine the importance of the reaction and diffusion
steps at any given level of charge of the battery. Major differences in the spectra at
different voltage will indicate changes in the kinetics of the cell and will permit a deeper
understanding of the discharge process and lead to improved battery design that will
enhance performance.

To study the influence of electrode discharge state on the electrochemical impedance
response, impedance measurements were carried out at 20 °C and starting at the
electrode potentials of-0.97, -0.84 and -0.79 V that correspond to the initial, medium
and final discharge states of the electrode, respectively. The electrode was
galvanostatically discharged simultaneously with the impedance measurements.

The electrode impedance spectra obtained at different states of discharge are given in
Figure 7-5.

At the very initial stage of discharge when the electrode potential is -0.97V, the
impedance spectrum consists of an inductive loop in the fourth quadrant followed by two
consecutive capacitive loops in the first quadrant, see curve (a) in Figure 7-5.

At a medium state of discharge, i.e., when the electrode potential has fallen to -0.84 V,
the impedance spectrum also consists of an inductive loop in the fourth quadrant and two
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consecutive capacitive loops in thefirstquadrant, but n o w followed by an emerging
straight line, see curve (b) in Figure 7-5.

At the final state of discharge, when the electrode potential has declined to -0.79V
(which as found in previous work'249"2511 , is close to the end of discharge), the

impedance spectrum changes to one capacitive loop and a typical line of 45° slope which
is known as the Warburg impedance, refer curve (c) in Figure 7-5.
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Impedance spectra obtained at different discharge states: (a)
initial state (-0.97 V ) ; (b) m e d i u m state (-0.84 V ) , and (c) final
state (-0.79 V )

162

Chapter 7. Electrochemical A C Impedance Studies on the Discharge Process of the Ti:Ni Hydrogen
Storage Alloy electrode

From curve (a) in Figure 7-5, it is clear that, at the very initial stage of discharge, the
impedance spectrum consists of a Faradaic reaction loop and an adsorption loop in the
first quadrant. The amount of hydrogen stored inside a fully charged hydrogen storage
alloy electrode is sufficient to render hydrogen transport facile due to the high chemical
potential of hydrogen. With further discharge of the electrode, however, the amount of
hydrogen stored inside the bulk alloy decreases, and this results in a decrease in the
chemical potential gradient of hydrogen. As mentioned above, the chemical potential
gradient actually acts as the driving force for hydrogen diffusion out of the alloy, and a

decrease in hydrogen concentration will inevitably increase the transport resistance. This
is evident from the appearance of the Warburg impedance, as shown in curve (b) of
Figure 7-5, which is indicative of a transition in the RDS from adsorption to diffusion of
hydrogen. The discharge process at this stage may be controlled by both adsorption and
diffusion of hydrogen.

As the electrode approaches the end of the entire discharging process, the adsorption
loop further shrinks further and disappears, but there is clearly a typical Warburg
impedance, see curve (c) in Figure 7-5. This may be attributed to an insufficient quantity
of hydrogen inside the hydrogen storage alloy which leads to a further increase in the
resistance to hydrogen transport. Therefore the number of hydrogen atoms diffusing out

to the electrode/electrolyte interface is too small to sustain the electrochemical reactio
In another words, the discharge process now becomes controlled by the diffusion of
hydrogen.

One of our experimental observations is consistent with the above discussion. It is
observed that the electrode potential drop becomes much faster at the end of discharge
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than at either the beginning or the middle of discharge. This may now be explained as
follows. Since the process is actually controlled by the diffusion of hydrogen at the end
of discharge, there is insufficient hydrogen at the electrode/electrolyte interface. Since
the electrode is discharged galvanostatically (which acts as an 'electron pump'), the
majority of the current applied is now used for the polarisation of the electrode, and not
for the electrochemical oxidation of hydrogen on the surface of the electrode.
Consequently, this gives a much faster drop in electrode potential.

Based on the above discussion, the equivalent circuits that correspond to the initial,
medium and final states of the discharging process are given in Figures 7-6 (a)-(c),
respectively.

Rubinstein'2771 has stated that the structure and composition, as well as the chemical and
electrochemical reactivities of the adsorbed atomic, ionic and molecular layers are
influenced by the electrode potential, temperature, solution pH, adsorbate concentration,
crystallographic structure and composition of the electrode surface, as well as, in the
case of molecular adsorption, by molecular structure of the adsorbate. The findings of
the present work indicate clearly that the influence of electrode potential (discharge
state) and temperature on the adsorption of hydrogen are in agreement with Rubinstein's
point of view.
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7.5 Summary

The following conclusion can be drawn from impedance measurements on Ti2Ni
hydrogen storage alloy electrodes.

1) Temperature increase is beneficial to the dehydriding of Ti2NiH and, therefore, to the
diffusion of hydrogen. By contrast, it is detrimental to the adsorption of hydrogen on
the surface of the electrode. The RDS of the discharging process can be changed
from diffusion to adsorption of hydrogen with elevation of the discharge
temperature.

2) The discharge state of the electrode influences the discharge kinetics of the electro
For a fully charged electrode, diffusion of hydrogen is fast and adsorption is the
RDS. At a medium state-of-discharge, the process may be controlled by the
combination of diffusion and adsorption of hydrogen. At the end of discharge,
however, there exists an inadequate hydrogen supply from inside the hydrogen
storage alloy. Diffusion of hydrogen now becomes the RDS and controls the whole
discharge process.
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Chapter 8
Preliminary Electrochemical Impedance
Analysis for Neutron Diffraction Studies

8.1 Introduction

A series of studies on the performance of titanium-based hydrogen storage electrodes has
been carried out and presented in the previous chapters. Nevertheless, although a
relatively comprehensive understanding of the electrochemical hydrogen storage
behaviour of Ti2Ni alloy has been achieved, further exploration into the location of
hydrogen in the crystal lattice of the intermetallic compound is of great importance in
order to obtain an insight into the hydride structure.

Neutron diffraction (ND) is widely known as a powerful means for the determination of

the structures of metal hydrides and the kinetics of their formation'2221. It is especially
advantageous by comparison with X-ray diffraction (XRD) in the localisation of light
elements, such as hydrogen, in the presence of much heavier ones. In practice, hydrogen
is substituted by deuterium because the large incoherent scattering from hydrogen
produces undesirably large background levels'2221. Neutron powder diffraction has
already been successfully applied for the studies of metal hydride systems such as
LaNi5'225'

278]

, Pd'2791 and Zr2Ni'280]. In 1963, Buchner and co-workers'1301 reported a

comprehensive X-ray diffraction study on the Ti2Ni hydrogen storage intermetallic
compound and concluded the existence of four hydride phases, namely, Ti2NiHo.5,
Ti2NiH, Ti2NiH2 and Ti2NiH25. The hydride phases were obtained via solid-gas reaction
167

Chapter 8

Preliminary electrochemical impedance analysis for neutron scattering studies of Ti:Ni
hydrogen storage alloy electrode

and the positions of hydrogen in Ti2NiHo.5 and Ti 2 NiH were discussed from the
geometrical point of view. To date, no determination of hydrogen positions in the
Ti2NiHx hydride phases from neutron diffraction measurements has been reported

In attempts to investigate the hydrogen absorption/desorption behaviour in the lattice

structure of Ti2Ni alloy for battery applications by the neutron diffraction technique, it

highly preferable that the hydriding/dehydriding process be carried out in an electrolyti
cell in-situ which is similar to the commercial batteries. However, as was mentioned
above, in practice hydrogen is substituted by deuterium in neutron diffraction
measurements. Therefore, attempts were made to charge/discharge the electrode in a
KOD + D20 solution. In line with the electrolyte normally used for Ni-MH batteries
(6M KOH + H20), the electrolyte was initially decided as 6M KOD + D20 aimed to
facilitate the neutron diffraction measurements. However, due to the unavailability of
supply, a 40% KOD + D20 solution was selected. Unfortunately, neutron diffraction
pattern of the electrode immersed in this electrolyte exhibits a large undesirable
background and a very small gain of neutron scattering which indicates a large amount of
hydrogen content. To optimise the electrolyte for the experiments, 6M KOH + H20 and
6M KOH + D20 solutions were consequently tested and the later gave the smallest
background in the neutron diffraction pattern and a maximum gain of intensity
Therefore, the electrolyte chosen was 6M KOH + D20. However, the charge/discharge
cycle of the Ti2Ni electrode in 6M KOH + H20 (aqueous electrolyte) and in 6M KOH +
D20 (deuteroxide electrolyte) exhibited a very different performance indicating that
different charge/discharge kinetics were applicable to the D20 system. Furthermore, the
deuteriding/dedeuteriding (in deuteroxide electrolyte) was found to be much more
difficult than the hydriding/dehydriding (in aqueous electrolyte) which made the neutron
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diffraction study impossible. Consequently, an investigation of the electrochemical

discharge kinetics of Ti2Ni electrode in deuteroxide electrolyte was undertaken, in orde
to explore the reasons for the abnormal charge/discharge performance in D20.

Electrochemical Impedance spectroscopy (EIS) is a relatively new and powerful method
of characterising the electrical properties of materials and their interfaces with
electronically conducting electrodes. Its characteristics and usefulness were discussed

detail in the previous chapter. It is known that the discharge process of the Ti2Ni allo
electrode exposed to 6M KOH aqueous solution is composed of the following steps: (i)

diffusion of hydrogen inside the electrode; (ii) adsorption of hydrogen on the surface o
the electrode; (iii) chemical and/or electrochemical reactions on the surface of the
electrode. In order to elucidate the variation of discharging kinetics of the electrode
6M KOH aqueous solution and in 6M KOH deuteroxide solution, the impedance
spectroscopy technique was applied.

8.2 A brief description of neutron powder diffraction
Neutron powder diffraction was carried out using HTFAR medium resolution neutron
powder diffractometer (MRPD) located at the Lucas Heights Research Laboratories
The instrumentation was described in detail in chapter 3. Neutron diffraction patterns
were collected using a wavelength of 1 666A over a 29 range from 4° to 138°. Structural
analysis was carried out using the Rierveld analysis computer program LHPM12811 which
is based on the program DBW3.2'2821. The method allows accurate derivation of the
samples crystalline state by least-squares fitting of the complete diffraction pattern.
Structural parameters derived from the analysis include crystal symmetry, atomic
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coordinates, lattice constants, thermal displacements, strain, particle size and preferre
orientation'2241.

8.3 Alloy preparation and electrode fabrication

Ti2Ni alloy was made by vacuum arc melting and chill casting in a copper hearth under
argon protection. Care was taken to avoid any metal evaporation. Homogeneity was
ensured by turning and melting both sides of the ingot alternatively five times.

The alloy prepared was then ground into powder of below 100 mesh and was mixed with
PVA solution as described in chapter 3. The mixed powder was then pasted on to both
sides of a foam nickel cylinder of 5 cm in length and 1 cm in diameter to meet the
requirement of neutron scattering measurement. The pasted cylinder was then dried to
form a hydrogen storage electrode.

Figure 8-1 shows the neutron diffraction pattern of the alloy electrode prepared. The
experimental points are indicated by crosses and the solid line gives the calculated

pattern. Markers indicating the positions of the allowed reflections are shown below the
pattern. The upper line of markers shows the positions of the Ti2Ni reflections and the
lower line shows the positions of the reflections from the nickel foam cylinder. A plot
the difference between experiment and calculation is also included in the bottom of the
figure. The quality of the fit can be gauged by the smoothness of the difference plot.
The very satisfactory fit indicates that the alloy made is pure Ti2Ni. The fitted cell
parameter is 11.318(4) A which is in very good agreement with the data reported by
Mueller and Knott (11.319 A)'128].
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8.4 Neutron diffraction studies of the electrode charged/discharged in
deuterium oxide solution

Charge/discharge cycles were completed using an automatic charge/discharge unit with a
M a c L a b Analog-Digital Interface. Charge/discharge of the electrode was conducted
galvanostatically at a current density of 20 m A / g in a divided quartz cell. Platinum was
employed as an auxiliary electrode and H g / H g O as a reference electrode. All potentials
are reported with respect to this electrode.
The electrodes fabricated from Ti2Ni alloy were charged galvanostatically at a current
density of 20 m A / g in 6 M K O H + H 2 0 and 6 M K O H + D 2 0 electrolytes respectively.
The electrode w a s apparently fully charged within only 17 hours in 6 M K O H + H 2 0 as
determined by X-ray diffraction, shown in Figure 8-2 (It is of note that the electrode
charged/discharged in aqueous solution can not be measured by N D analysis due to the
high content of hydrogen.

Alloy powder was carefully peeled off the cylindrical

electrode and therefore did not contain nickel substrate). The neutron diffraction pattern
of the electrode charged in 6 M K O H + D 2 0 is given in Figure 8-3. The backgroud
observed can be attributed to the fact that experiments were conducted in a mixture of
K O H and K O D and D O H formed during the isotope exchange process.

This pattern has been fitted with the two phases present before charging (Ti2Ni and
nickel foam) plus the hydride phase Ti2Ni-Dx. The cell parameter of the hydride phase is
11.902(2) A. It is unclear from this result about the occupancy of the hydrogen sites
because of the uncertainty in the composition of the isotopic mixture of hydrogen and
deuterium. T h efitindicates that only 4 0 % of the Ti 2 Ni has been charged after 72 hours.
Furthermore, no gas evolution w a s observed for the electrode charged in 6 M K O H +
H 2 0 until being fully charged, i.e., reaching the gassing voltage. However, gas evolution
w a s observed, from the very beginning, on the surface of the electrode charged in 6 M
K O H + D 2 0 which indicates that the current applied is only partially used for charging
the electrode.
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These observations suggest that charging the electrode in 6M KOH deuteride electrolyte
is much more difficult than in the aqueous solution of 6M KOH. Similarly, the electrode
was judged to be fully discharged after only 8 hours in aqueous solution by XRD (see
Figure 8-4) but, when subjected to the same discharge procedure in deuteride electrolyte,
there was no sign of any discharge even after 72 hours. After being further discharged
for another 168 hours, the amount of Ti2Ni-Dx was reduced to 13% (Figure 8-5) In
addition, gas evolution was also observed on the surface of the electrode at the very
beginning of discharge which indicates a very low discharge efficiency. These results
clearly indicate that discharging Ti2NiDx in deuteride electrolyte is also much more
difficult than discharging Ti2NiHx in aqueous solution.

The above experimental observations suggest the existence of a very different
electrochemical behaviour of the electrode in the two solutions. From the viewpoint of
thermodynamics, the fact that charging the electrode is more difficult in heavy water
solution than in normal water solution suggests that the Gibbs free energy change, AG, is
more positive in heavy water solution than in normal water solution. Similarly, the fact
that discharging the electrode is more difficult in heavy water solution than in normal
water solution also suggests a more positive Gibbs free energy in heavy water solution
These give rise to a contradiction. If the thermodynamics is responsible for the great
differences in charge and discharge behaviour, then alternation of charge/discharge from
aqueous solution to deuteride solution should only be detrimental to either the charging
or the discharging process. This is obviously not the situation that gives rise to the
experimental results presented here. Therefore, it is reasonable to conclude that it is

actually the sluggish charge/discharge kinetics of the electrode in deuteride solution that
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gives the different charge/discharge behaviour and, hence, the difficulties in the in-situ
neutron diffraction study.
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X R D diffraction pattern of the Ti 2 Ni electrode charged in 6 M K O H
+ H 2 0 solution for 17 hours
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Neutron diffraction pattern of the Ti2Ni electrode discharged in 6 M
KOH + D20 solution for 240 hours
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EIS studies on the charge/discharge of the electrode in aqueous
and deuterium oxide solutions

In an attempt to clarify the experimental observations, a.c. impedance spectroscopy was
applied to measure the frequency response of the electrode during charge/discharge
cycles in 6M KOH + H20 and 6M KOH + D20 electrolytes respectively All the
measurements were conducted while the electrode was charged or discharged
galvanostatically at a current density of 20 mA/g.

Impedance analysis was carried out using a Model 6310 Electrochemical Impedance
Analyser interfaced with EIS 398 software supplied by Princeton Instruments The
amplitude of the sinusoidal wave was 5 mV to ensure a linear perturbation The
sinusoidal perturbation was superimposed onto the DC charge/discharge. The frequency
range was 105 to 10"2 Hz. The impedance measurements for charging and discharging
processes started with uncharged and fully charged electrodes, respectively, at 20 °C.
Impedance measurements were completed in 6M KOH + H20 and 6M KOH + D20
solutions respectively.

The data shown in Figure 8-6 are the Nyquist plots for the Ti2Ni alloy electrode charge
in 6M KOH + H20 and 6M KOH + D20. The impedance of the electrode charged in

deuteride solution (curve b) is clearly much higher than that for the electrode measure

in aqueous solution (curve a). This can be further elucidated by the Bode frequency plo
which shows the variation of the impedance modulus with frequency (Figure 8-7).
Similarly, the impedance of the electrode discharged in 6M KOH + D20 (curve b) is
much greater than that observed in 6M KOH + H20 (curve a), as is readily apparent in
the impedance spectra a and b in Figure 8-8
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T o interpret the above frequency response observations, the basic properties of H and D
are discussed below.

It is known that the three isotopes of hydrogen (H, D and T) exhibit greater differences

in physical and chemical properties than isotopes of any other elements12831. The origin of
all the differences between hydrogen and deuterium, or between their compounds, lies in

the difference in mass, which in turn affects their fundamental vibration frequencies and
hence their zero-point energies. Zero-point energy is an extremely important concept,
deduced from the quantum mechanical theory of valences. This concept is that a
molecule has a certain residual energy or zero-point energy, E0, even at absolute zero
For a diatomic molecule E0 per mole is given by E0 = 0.5NAhv0, where NA is the
Avogadro's constant, h Planck's constant and v0 the fundamental vibration frequency
For two isotopically different molecules of reduced masses Ui and u2, the ratio of the
fundamental vibrations is given by

^- P (8.1)
When a much heavier atom is bonded to hydrogen or deuterium the ratio of the
fundamental vibrations approaches 1.41. From their fundamental vibration frequencies
the zero-point energies of H2 and D2 may be obtained as 26.0 and 18.4 kJ mol"
respectively12831. The total electronic binding energies for these molecules (represented
by the overlap of their atomic wave functions) are the same, so their dissociation
energies (the differences between the molecules in their lowest energy states and the
isolated atoms) differ by 7.6 kJ mol"1. Differences in rates of reaction arise because
although the absolute energies of analogous transition states involving hydrogen or
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deuterium are nearly the same, they have to be produced from H 2 and D 2 in their actual
lowest energy states; thus reactions of D 2 are slower. It was also stated by Hurd[284) that
chemical reaction in heavy water is slower than in normal water and the difference in
reaction rate may also be applicable to all hydrides and deuterides.

The reactions that take place during charging and discharging of the electrode in aqu
and deuteride alkaline solution can be given below:
During the charging process:
In aqueous alkaline solution
HJO + e

charge

>Hads+OH (on the electrode - electrolyte interface) (8 2)
charge

M +xHads

>MHx

(inside the alloy)

(8.3)

and in deuteride alkaline solution
D2o + e~—_!!_---_> Dads+OD (on the electrode -electrolyte interface) (8 4)
M

+yDads

charge

)MDy

(inside the alloy)

(8.5)

During the discharging process:
In aqueous alkaline solution

MHx

discharge

Hads+OH"

,M +xHads (inside the alloy) (8.6)
dlSCharge

- H b O + e (on the electrode - electrolyte interface) (8.7)

and in deuteride alkaline solution
MDx 1SC aFg—>M +xDads (inside the alloy) (8 8)
Dads+OD"

ISC arge

, D 2 0 + e (on the electrode - electrolyte interface)
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The electrode charged in aqueous and deuteride solution exhibits very different
impedance responses at the highest frequency range (see curves a and b in Figure 8-6)
Curve b shows a normal capacitive semicircle which indicates a high resistance at the
highest frequency range while the frequency response shown in curve a in the same

frequency range is a straight line which drops sharply. It is more clearly shown in curv
a of the Bode plot (Figure 8-7) that the electrode impedance in aqueous solution drops

with decreasing frequency which is characteristic of an inductance (Z = jcoL) Therefore,
the electrode charged in aqueous and deuteride solutions shows an inductive and a
capacitive frequency response respectively which suggest very different charge kinetics

It is known from equations (8.2) and (8.4) that, when the electrode is charged, H or D i

reduced from the electrolyte and adsorbed on the surface of the electrode. The existence
of the first capacitive semicircle (curve b in Figure 8-6) may be attributed to the
reduction of D from the electrolyte with a high resistance and the inductance shown in

curve a of Figure 8-6 may be attributed to the adsorption layer of H on the surface of t
electrode. The reason for this may be due to the very low reaction resistance of H

formation from the electrolyte which results in the generation of an excessive amount of
hydrogen on the surface of the electrode and, therefore, the formation of the hydrogen
adsorption layer. The reason for the difference in the reaction resistance of H and D

formation might be attributed to the difference of their energy states as aforementioned
It is also readily apparent in Figure 8-6 that the low frequency impedance of the
electrode charged in D20 solution is much higher than that obtained from H20 solution

This may indicate a much higher deuteriding resistance than the hydriding resistance ( s
equations (8.3) and (8.5)) when the electrode is charged which is consistent with the
prediction of Hurdl284].
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The impedance spectra of the electrode discharged in 6M KOH aqueous and deuteride
solutions are shown in Figure 8-8. It is evident that the discharge resistance of the
electrode in D20 is much greater than that in H20 at each discharge kinetic processes
(equations 8.6 to 8.9). These differences may also originate in the differences in mass
energy states of H2 and D2.

From the above discussion, the difficulty in charging and discharging the Ti2Ni electrode
in D20 solution may be summarised as follows:

When the electrode is charged, there exists a high resistance for the electrochemical

reduction of atomic deuterium at the electrode/electrolyte interface. The insufficiency o

deuterium at the interface results in a high concentration polarisation and this, in turn
slows down the subsequent deuteriding of Ti2Ni alloy. The constant current applied to
charge the electrode is therefore mostly consumed in the polarisation of the electrode
thus exceeding the deuterium overpotential and causes the observed evolution of gas
from the beginning of charging process; Similarly, when the electrode is discharged

there exists a high resistance to dedeuteriding causing an insufficiency of deuterium fr
inside the alloy. This gives rise to a concentration polarisation of deuterium on the
surface of the electrode and a consequent slow electrochemical oxidation of deuterium.
The excessive amount of current applied for the discharging of the electrode may

therefore be used not only for the oxidation of metal but also the evolution of oxygen o
the electrode/electrolyte interface ( 40D "^ 2D20 + 02t + 4e") which is consistent with
the experimental observation.
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8.6 Summary

Charging and discharging of a Ti2Ni hydrogen storage alloy electrode in heavy water
electrolyte exhibit sluggish kinetic processes which give rise to extreme difficulty in
performing an in-situ neutron diffraction study. Electrochemical ac impedance analysis
shows that the reaction resistance of the electrode charged/discharged in D20 solution is
much greater than in H20 solution. This explains the difficulty encountered in our
neutron diffraction study and provides a useful information for performing in-situ
neutron diffraction measurements during charge/discharge process of hydrogen storage
alloy electrode. It is therefore recommended that the charge/discharge be carried out at
a very low current density or in terms of pulse charging/discharging. Further neutron
diffraction experiments are currently being carried out in the HTFAR located at ANSTO,
Lucas Heights Research Laboratories.
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Chapter 9
General Conclusions and Suggestions for
Future Study

9.1 Review of the Study

Investigations on the performance of Ti2Ni hydrogen storage alloy as the negative
electrode for N i - M H batteries have been presented in the previous chapters.

These

studies include the following aspects:

(i) Surface modification of the Ti2Ni alloy powder using electroless Ni-P plating
technique in order to facilitate the discharge performance of the electrode,

(ii) Studies on the early capacity loss of the electrode via XRD analysis;

(iii) Elemental substitutions aimed at increasing the practical specific capacity
and/or the cycle life of the electrode;

(iv) Studies of the influences of discharge temperature and discharge state on the
discharge kinetics of the electrode via electrochemical impedance analysis;

(v) Preliminary studies on in-situ neutron diffraction measurements during the
charge/discharge process of the electrode in deuterium oxide solution and
exploration of possible reasons for the difficulty encountered during the
measurements.
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The studies of the above five aspects have been summarised in the pre\ious chapters
correspondingly. Based on these summaries, general conclusions are presented below

1 The electrodes fabricated from the Ti2Ni alloy powder microencapsulated at
room temperature exhibit a superior performance to that of the Ti2Ni alloy
powders that are either uncoated or coated at higher temperature. The reason for
this may be attributed to that the coating serves as a micro-current collector and a
barrier for protecting the alloy surface from oxygen. The current collecting effect
of the coating improves the discharge efficiency and therefore the discharge
capacity of the electrode. The significant increase of the electrode cycle life by
surface microencapsulation of the alloy powder may be because the coating
reduces the oxidation and disintegration of the internal alloy

The fact that the capacity decay of the low temperature microencapsulated alloy
is much slower than that of its high temperature counterpart suggests that low
temperature microencapsulation creates a more condensed coating with lower
porosity and, thereby, provides the alloy with better protection.

2 The formation of Ti2NiHo.5 hydride phase is observed inside Ti2Ni hydrogen
storage alloys during early cycles. Once formed, the compound cannot be
reversibly charged and discharged. Therefore, it provides no contribution to the
discharge capacity of Ti2Ni electrodes.

Ti2NiHo.5 formation and accumulation dominate the capacity loss during early
cycles, while oxidation and disintegration of the Ti2Ni powder become the
detenriining factors during later cycles.
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3

Cobalt and aluminium have been characterised as having some beneficial effects

to aspects of the performance of Ti2Ni hydrogen storage alloy electrode which
are summarised below.

Cobalt addition is beneficial to the specific capacity and the cycle life of the Ti;Ni
electrode. SEM studies of electrode morphology confirm that cobalt is effective
in reducing the disintegration of Ti2Ni alloy powder during charge/discharge
processes; Charge/discharge results show that a Ti2Ni0 9sCo0 02 electrode has the
highest specific capacity, as well as the highest capacity-retention rate. This is
possibly due to the concurrence of two opposing factors that contribute to the
specific capacity variation, namely, enlargement of the lattice cells and reduction
of lattice cell number per unit weight. With a cobalt content below 0.67 at.%,
enlargement of the lattice cells is dominant and thus benefits the hydrogen
storage process. By contrast, with a cobalt content greater than 0.67 at.%,
reduction of lattice cell number becomes dominant and this is detrimental to the
hydrogen storage process. Therefore, the highest specific capacity of the
electrode occurs at a cobalt content of 0.67 at.%. Other possibilities such as the
formation of an inactive phase might also be responsible for the specific capacity
decrease of the electrode with a higher cobalt content.

Aluminium addition into Ti2Ni alloy is beneficial to the cycle life but is
detrimental to the specific capacity of the electrode. The passivity of the
electrode owing to the existence of a new Ti2Al phase is responsible for the cycle
life increase of the electrode. The severe specific capacity decrease with
aluminium addition may be partly attributed to the reduction in the amount of
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titanium available for alloying with the nickel. A second effect is the passivation
of the electrode which acts as a barrier to diffusion of hydrogen, resulting in the
decrease in discharge efficiency and, hence, the specific capacity of the electrode
Therefore, addition of aluminium should be limited to a certain level

4 The electrochemical impedance spectroscopy measurements provide us with
some preliminary understanding of the discharge process of the Ti2Ni electrode

Temperature increase is beneficial to the dehydriding of Ti2NiH and, therefore, to
the diffusion of hydrogen. By contrast, it is detrimental to the adsorption of
hydrogen on the surface of the electrode. The rate determining step (RDS) of the
discharging process can be changed from diffusion to adsorption of hydrogen
with elevation of the discharge temperature.

The discharge state of the electrode influences the discharge kinetics of the
electrode. For a fully charged electrode, diffusion of hydrogen is fast and
adsorption is the RDS. At a medium state-of-discharge, the process may be
controlled by the combination of diffusion and adsorption of hydrogen. At the
end of discharge, however, there exists an inadequate hydrogen supply from
inside the hydrogen storage alloy. Diffusion of hydrogen now becomes the RDS
and controls the whole discharge process.

5 Charging and discharging of the Ti2Ni hydrogen storage alloy electrode in heavy
water electrolyte exhibit sluggish kinetic processes which give rise to extreme
difficulty in in-situ neutron diffraction analysis. Electrochemical ac impedance
analysis shows that the reaction resistance of the electrode charged/discharged in
D20 solution is much greater than in H20 solution. This explains the difficulty
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encountered in neutron diffraction studies and provides a useful information for
performing in-situ neutron diffraction measurements during charge/discharge
process of hydrogen storage alloy electrode.

9.2 Suggestions for future study
Although a series of studies on the performance of Ti2Ni hydrogen storage alloy
electrode has been carried out in the present studies and has revealed a new

understanding of several aspects, it is of note that the characterisation of the electrod
performance has focused on the specific capacity and cycle life. Other performance
parameters of the electrode such as rate-capability, self-discharge behaviour, low
temperature discharge ability, gas recombination capability, thermodynamic properties,
ease of manufacture, metallurgical properties and cost have not been considered. It is

therefore tentatively suggested that efforts, particularly for optimising the Ti2Ni based
alloy compositions, be made to consider the above mentioned parameters in order to
further improve the performance of the electrode.

In chapter 8, the difficulties encountered in carrying out in-situ neutron diffraction

measurements is attributed to the sluggish kinetics of charging/discharging the electrode
in D20 solution. Based on this study, it is recommended that charging/discharging of the
electrode be conducted at a very low current density, for instance, 3 ~ 5 mA/g or in
terms of other charge/discharge methods. This will inevitably prolong the measurements
and, therefore, the using of beam time, but it may be a way to complete the
measurements aimed at obtaining valuable insight into the hydride structure.
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